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ABSTRACT OF THESIS

NOWCASTING CONVECTIVE STORM EVOLUTION IN
EAST-CENTRAL FLORIDA USING SATELLITE

AND DOPPLER RADAR DATA

The relationship between infrared cloud top temperatures from the Geostationary

Operational Environmental Satellite's (GOES) Visible and Infrared Spin Scan Radiometer

(VISSR) and radar reflectivity returns from NCAR's CP4 C-band Doppler radar is

examined for nine thunderstorm cells over east central Florida. The cell data are from

three case study days during the summer 1991 Convective and Precipitation/

Electrification (CaPE) Experiment. Rapid scan satellite data available during the selected

case study days provide a high frequency of image times (A t = 5-15 min.) for better

temporal resolution in the data comparisons.

A method was developed to graphically combine GOES visible and infrared images

with universal format Doppler radar reflectivity and velocity scans for display on a PC

workstation. Previous studies by others, my personal forecasting experience, and the

present study illustrate a need to combine meteorological data sources in order to improve

operational nowcasting capabilities.

The analyses showed that development of most cells as viewed via cloud top

temperature (CTT) area, are found to lag the corresponding defined radar echo area from

5-30 minutes. This is an important finding for local area nowcasting. Similarly, the

maximum time averaged rate-of-change of radar echo area precedes the time averaged

rate-of-change of CTT area growth. Cloud top temperature changes being a better
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indicator of convective storm dissipation. The results are specific to thunderstorm

development in the summer subtropical humid climate of east-central Florida.

The combined satellite/radar product, utilizing the strengths of each source, is

noted to be beneficial to forecasters for improving nowcasting skills.

Marvin H. Treu
Department of Atmospheric Science
Colorado State University
Fort Collins, CO 80523
Summer 1994
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Chapter 1

INTRODUCTION

Since 1975 the National Center for Atmospheric Research (NCAR) has operated

portable Doppler radars in research field programs (Wilson et al., 1980) including:

SESAME, CINDE, and CaPE. These experiments have revealed the value of Doppler

radar data to the forecaster by allowing them to monitor boundary-layer convergence

lines evident in the reflectivity and Doppler velocity displays.

During the summers of 1989 and 1990 NCAR issued and collected data on

nowcasts of thunderstorm initiation, evolution, and movement for a region in northeast

Colorado. These forecasts were based primarily on Doppler radar observations (Wilson

and Mueller, 1993). Wilson and Mueller (1993) found forecasters had even more

difficulty nowcasting the evolution of storms than determining the when and where of

convective initiation. Some of the reasons given include a deficiency in knowledge of the

details of storm initiation and evolution, a need for more detailed boundary-layer and

cumulus cloud observations, and the manually intensive nature of the forecaster duties.

Satellite research has previously addressed these same concerns. In order to better

understand convective development, the National Earth Satellite Service (NESS)

investigated the dynamics and thermodynamics of arc clouds using research aircraft and

GOES rapid scan imagery. Based upon this lata, a life cycle of arc cloud lines has been

developed (Purdom and Sinclair, 1988). To satisfy the need for more detailed boundary-



layer and cumulus cloud observations, GOES rapid scan imagery was found to provide

observations of convective behavior at temporal and spatial resolutions compatible with

the scale of the physical mechanisms responsible for triggering deep and intense

convective storms (Sinclair and Purdom, 1982). Addressing the problem of manually

intensive forecaster duties, through digitally compositing satellite and radar data

Reynolds and Smith (1979) offered a method by which a forecaster could reduce the

amount of information needed to be assimilated.

Both present and past research using satellite and radar data have produced

positive results in the nowcasting of convective storms. One of the many areas of study

of the Cooperative Institute of Research in the Atmosphere (CIRA) at Colorado State

University is to combine satellite data with other data sets in order to gain a better

understanding of mesoscale atmospheric processes (Purdom and Parker, 1982).

1.1 Noweasting: Current Status

Nowcasting is defined as a detailed description of the current weather along with

forecasts obtained by extrapolation up to two hours ahead (Browning, 1982). Improving

the quality of these very short-range forecasts remains a challenge today even with

advances in technology. This is due to a variety of factors including sparse data for the

area of coverage and not enough processing capability of the data available in the time

required to make a nowcast. Traditional forecasts are based on widely spaced

observational data which yield general forecasts. Numerical weather prediction models

have helped forecasts extending out a day or more, but do not do provide much assistance

2



for forecasts on the mesoscale up to 12 hours ahead due to the poor resolution of data on

this scale (Browning and Collier, 1990) (Figure 1).

Extrapolation

Mesoscale NWP model

oLarge-scale NWP model with
Model Output Statistics

0'

6 12 le 24 30 36

LEAD TIME OF FORECAST (hours)

Figure 1. Schematic diagram illustrating forecast quality as a function of lead time
for three different forecasting methods. (from Browning and Collier
1990).

Nowcasting and the very short-range forecasting of mesoscale weather is one of

the most challenging problems in meteorology today. The reason for this is that the

mesoscale is ill-defined and poorly understood (Purdom, 1982). To improve operational

capabilities, empirical information must be incorporated into new procedures for

nowcasting. What is required is immediate display capability for current data (satellite,

radar, surface observations, etc.) and derived products in a readily comprehensible form

for use by operational meteorologists (Purdom, 1982).

This is the mission of NOAA's Prototype Regional Observing and Forecasting

Service Program (PROFS) in Boulder, Colorado. A PROFS interactive workstation such

as the Denver Advanced Weather Interactive Processing System (AWIPS) Risk

3



Reduction and Requirements Evaluation (DARRRE) collects, combines, and displays

real-time data in a format readily available and understandable to a forecaster. An NCAR

nowcasting experiment in the Denver area during the 1989 and 1990 summers

successfully used the DARRRE workstation to assist forecasters in preparing nowcasts

(Wilson and Mueller, 1993). The available data and displays in this system are shown in

Figure 2.

Figure 2. Diagram of the multiple data soure and their integration into various

displays available during the NCAR 1989/1990 nowcast exeients
(from Wilson and Mueller, 1993).

4
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Another example of a forecaster weather data display system is the Forecast

Systems Laboratory's (NOAA Research Laboratory, Boulder, CO) Local Analysis and

Prediction System (LAPS). The purpose of LAPS is to provide the weather service with

help to cope with large data sets and meet a goal of improved forecast services in the 0 to

6 hour time period (McGinley et al., 1992). This system collects data from a variety of

sources including GOES and TIROS satellites, Doppler radar, wind profilers, surface

mesonet data, and aircraft reports (Figure 3). LAPS objectively analyzes this data on a

high-resolution (10 kin), three-dimensional grid, and produces products which include

quantitative gridded fields of meteorological quantities. Following a 1989 warm season

convective precipitation experiment using LAPS, McGinley et al. (1992) concluded that

if the weather services are to benefit fully from the advanced data sets to be operational

by the mid-1990s, local assimilation and analysis systems must be available concurrently.

The importance of nowcasting along with the improvement in the automation of

derived data sets is a conceptual need shared by most operational meteorologists. The

most significant weather affecting human activity has time scales on the order of one to

six hours (McGinley et al., 1992), therefore there is a need for operational short-range

forecasts or nowcasts for areally limited domains. The NWS and USAF Air Weather

Service (AWS) are embarking on plans to significantly upgrade services within this

range. The goal is to rapidly update and display unprecedented amounts of data on

systems such as the NWS' AWIPS (Advanced Weather Information Processing System)

and the AWS' AWDS (Automated Weather Distribution System).
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Figure 3. LAPS data available in northeastern Colorado. Inset shows typical data
densities extended over the domain for aircraft and GOES satellite data
during an average 90 minute period (from McGinley et al., 1992).

1.1.1 Noweasting Challenge of the U.S. Air Force's 45th Weather Squadron

The mission challenges of the U.S. Air Force's 45th Weather Squadron (Patrick

Air Force Base, Florida) illustrates the importance of nowcasting and the need for

capability improvement The 45th Weather Squadron provides weather forecasting

support for the nation's Eastern Launch Range. The Range consists of Cape Canaveral
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Air Force Station (CCAFS), Kennedy Space Center (KSC), Patrick Air Force Base

(PAFB) and other downrange sites and support locations (JDMTA, and Antigua Air

Station). The areas of primary responsibility, however, are Cape Canaveral AFS and

KSC. The 45th provides Range users with weather forecasts to support space vehicle

launch operations as well as day-to-day ground processing operations. The goal is to

provide timely and accurate forecasts to these users in order to protect Range assets both

human and material) from potentially destructive weather. This goal is to be achieved

while simultaneously maintaining a low false alarm rate, preventing an unnecessary

shutdown of the Range - costing Range users more money.

The cost of human injury or loss of life due to poor forecasts is clearly

unacceptable. The cost of scrubs or delays in pre-launch processing or during launch

countdowns is perhaps less obvious and difficult to quantify. Weather-sensitive ground

operations such as transporting and erecting launch vehicles and their payloads, fueling

operations, performance tests, or moving or stacking solid rocket boosters occur on a

daily basis, around the clock. Weather warnings and advisories curtail and restrict

processing which directly impact launch schedules and subsequently increase budget

requirements (Madura et al., 1992).

The customer at the Titan Integrate, Transfer and Launch (ITL) area near

Complex 40/41 (Figure 4) have assessed the cost of downtime due to a specific weather

advisory. The most commonly issued weather advisory which disrupts the tasks of the

Range users (and specifically the ITL area) is one which forecasts the occurrence of

lightning within 5 nm of an operations area. In 1990, this advisory was issued for the ITL
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area 98 times, accounting for a total of 380 work force hours lost (Wicklund and

Youngren, 1993). Martin Marietta, the primary Titan contractor, estimates the cost of

manpower in this area to be $57,000/day (Wyatt and Kintigh, 1989). At this rate, 380

hours lost translates to 1 million/year in manpower losses alone. This figure increases

after factoring in time spent evacuating and re-manning launch pads and platforms before

and after the advisory period and considering the time loss due to reinitiating interrupted

procedural tests.

Excessive costs can also be accrued by launch programs when launch countdowns

are impacted by adverse weather or by violations of one or more of the strict weather

launch constraint rules (Appendix A). Scrubbing a launch after entering the countdown

can also be costly. At worst, catastrophic damage could occur to the launch vehicle and

payload if exposed to unexpected high winds, lightning, or precipitation while in the final

stages of a launch countdown (at which time the vehicle is not shielded by its protective

gantry). At best, there are wasted costs of manpower and configuring the Range for

support of the launch attempt. The Atlas booster program estimates this cost to be at least

1/4 million dollars (Weems, 1994). A scrub after entering the terminal count costs the

Shuttle program even more: over 1/2 million dollars if the vehicle has already been

through the tanking procedure (Weems, 1994). Although weather is not the primary

cause for aborted launch attempts, it certainly has a major impact on both Expendable

Launch Vehicles (ELVs) and the Shuttle program (Tables I and 2).
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Figure 4. Map of Cape Canaveral AFS launch complexes (courtesy of USAF/45th
Weather Squadron).
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WEATHER IMPACT STATS
ELVs 1987-94; STS 1981-86 AND 1988-94

OCCURENCES
250

200

150 ..... . .................................................. G ALL
OELVs

~STS
0

CD SC/DL WX LTNG MISC LOADS TEMPS WINDS

ELV 132 Be 4 21 Ia 116 U 3
STS 106 180 35 27 1 221 1 73 4 T 2 I

CD - COUNTDOWNS; SCDL - SCRUBSIDELAYS, WX . WX SCRUBSIDELAYS; STS MISC - RiLSITAL/RANGE

Table 1: Weather Impact Statistics - Total Countdowns, Nov 87 - Mar 94.
Weather affects (scrubs/delays) approximately 1 in 3 countdowns
(courtesy of USAF/45th Weather Squadron).

WEATHER IMPACT STATS
ELVs 1987-94; STS 1981-86 AND 1988-94

PERCENT OF TOTAL COUNTDOWNS
8o

7[
60 ........................... •............... -...........
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2 0 " - ": a -, 

L' T
0

SCIDL WX LTNG MISC LOADS TEMPS WINDS

ALLj 69.7 32.6 11.8 110.1 19.7 2.5 2.1
ELVy 65.2 32.6 15.9 2.3 121 1.5 2.3
STS I 75.5 33 6.6 19.8 6.6 3.6 1.9

ELV - 132; STS - 106 COUNTDOWNS; STS MISC - RTLS1TALJRANGE

Table 2: Weather Impact Statistics - Scrub/Delay Percentage, Nov 87 - Mar 94.
Weather accounts for nearly half of all launch scrubs/delays (courtesy of
USAF/45th Weather Squadron).
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Specific to the Shuttle program are the landing and ferry flight operations. By

completing a mission by landing the orbiter at Kennedy Space Center, Florida rather than

Edwards AFB, CA, NASA saves 1 million dollars in costs by avoiding at least five days

of additional vehicle processing by "ferrying" it across the country atop a Boeing 747. In

addition to the shorter Shuttle Landing Facility (SLF) runway at KSC, NASA is hesitant

to use KSC as the primary landing site due to the dynamic, hard-to-forecast weather

conditions of central Florida. The shuttle requires a 90-minute forecast to support the

time it takes to descend from its orbit to the selected landing site.

Launch operations at the Eastern Range are impacted daily by the forces of

weather. The 45th Weather Squadron is responsible to provide forecasting services to a

multitude of customers, each with different needs or requirements. Inaccurate forecasts

are capable of causing Range managers/directors to make decisions costing a launch

program hundreds of thousands or millions of dollars. Improvement of nowcasting

capabilities is needed and strongly desired.

1.1.2 45th Weather Sqdn. Forecaster Performance and Proposed Improvements

Forecasters at the Cape Canaveral Forecast Facility (CCFF) are challenged with a

difficult mission. Although they are tasked with supporting a relatively small region, the

requirements demand high-resolution weather support coverage over the primary areas of

CCAFS and KSC. Within the CCAFS and KSC locations, forecasts are tailored for each

launch complex or area. For example, CCAFS alone has six specific regions in which to

advise of the threat/occurrence of lightning within 5 nm (Figure 4). Similarly, KSC is
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subdivided into four different advisory areas (Appendix B). Appendix C lists all the

separate forecast criteria for the 45th Weather Squadron's areas of responsibility. The

more specific the forecast, the less likely Range operations in a given area will be shut

down needlessly due to a false alarm. These more stringent requirements, however, are

quickly outdistancing the capabilities of the forecaster.

In 1992 Madura, et al. (1992) reported forecasters issued warnings and advisories

at a 40% false-alarm rate while 10% are issued with zero lead time. False alarms degrade

productivity and waste valuable budget dollars, while issuing with zero lead time

endangers lives and billion dollar assets (Madura et al., 1992). Current statistics reveal

little improvement during 1993 and early 1994. Desired lead times on warnings

(Figure 5) and advisories (Figure 6) remain below standard for most months, while false

alarm rates continue to be wastefully high (Figures 5 and 6).

The challenge to improve forecasting performance requires an increase in data

density (especially in the boundary layer to resolve the many small-scale features which

drive CCAFS and KSC weather) and improvements in data assimilation (including

expert systems and mesoscale models) to help the forecaster digest the sometimes

overwhelming amount of critical data needed to meet stringent space program

requirements (Madura et al., 1992).
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1.2 Background Information

Many studies using GOES data or Doppler radar data exist for investigating

convective storm evolution. Few, however, deal with combining these data sources even

though researchers and operational meteorologists acknowledge the value of such a

product.

1.2.1 Personal Experience

As an Air Force Launch Weather Officer (LWO) at the Cape Canaveral Air Force

Station, I supported space launch operations on a daily basis. The job of the LWO is to

provide weather support for sensitive operational testing, processing and launch of all

Kennedy Space Center/Eastem Range Shuttle, Titan, Atlas-Centaur, and Delta launch

vehicles, in addition to Trident and Poseidon ballistic missiles. The LWO is also

responsible for researching meteorological requirements for ground preparations and

launch operations.

The most challenging aspect of the job is attempting to forecast the rapidly

changing, convective Florida weather. Although the Cape Canaveral Forecast Facility is

equipped with a wide array of instrumentation (Appendix D), the task of assimilating the

information still resides in the hands of the forecaster.

Observing various forecasting methods of the fellow LWOs and forecasters (both

experienced and inexperienced), I recognized a common trait. Each individual tends to

rely on, or strongly favor one primary tool to develop their nowcast. Some will depend

almost exclusively on radar (McGill volumetric scans or Doppler), some satellite, and
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others will even attempt to discount observational data, faithfully trusting model output to

support a nowcast decision. This pattern is even more evident when there is convection

imminent or approaching and time is unavailable for methodical consideration of a

variety of data sources.

The most successful forecasters realize there is valuable information in all data

sources, however they have the ability to discriminate between them and quickly filter out

the nonessential information. They realize the day-to-day differences in the initial

conditions and utilize the data sources accordingly. The better forecaster also has a good

understanding of the strengths and weaknesses of the data sources. Most forecasters are

trained on what a sensor/information source can do, but are frequently ill-informed on its

limitations or weaknesses.

Even the most educated, experienced, capable forecaster has a limit to the amount

of information they can mentally assimilate in order to make a forecast. Advances made

by adding instrumentation and upgrading equipment will be of limited benefit unless

methods of combining data from a variety of sources into useful products are developed

and provided to the forecaster in a routine, timely manner.

1.2.2 Use of Satellite Data for Noweasting

The geostationary satellite is valuable to nowcasting because it has the unique

ability to provide frequent, uniformly calibrated observations of the atmosphere and its

cloud cover from a single sensor over a broad range of scales (Purdom, 1982). Visible
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and infrared imagery reveal synoptic-scale patterns down to single cell storms of the

mesoscale where nowcasting interest is concentrated.

A key to short-range forecasting is understanding the mechanisms which lead to

convection and the evolution of storms. Geostationary satellite loops assist in this

understanding by representing the integrated effect of ongoing dynamic and

thermodynamic processes in the atmosphere (Purdom, 1982). GOES imagery provides a

forecaster with routine observations of features often unobserved with a conventional

surface observation network. Smith and Purdom (1993) describe a method to improve

data resolution in the Surface Airways Observation Network (SAO) by using

geostationary satellite data in regions of strong surface gradients. In these regions, severe

storm triggering mechanisms such as outflow boundaries and dry lines are often

misanalyzed with the insufficient information provided by the surface network (Smith

and Purdom, 1993).

Many mesoscale phenomena associated with thunderstorm initiation and

development are easily identified in GOES imagery (Purdom, 1982). Even benign

features such as fog and stratus viewed from satellite can provide clues to the time and

location of future convection. Purdom (1982) also presents the use of GOES in aiding

surface temperature analysis, cloud and rainshower development forecasts, and

identifying convective initiation features. Features with potential for triggering strong

convection are generally organized convergence lines including: fronts, pre-frontal squall

lines, gust fronts (outflow boundaries), and sea/lake breezes. All of these mechanisms

can be found in satellite imagery prior to development of deep convection and before
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detection by radar (Purdom, 1976). Monitoring outflow boundaries and sea breeze fronts

are important because of the frequency at which they generate convection or interact to

generate convection, especially in the late afternoon hours (Figure 7).
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Figure 7. Distribution of convective generation mechanisms for all storms with tops
colder than -20 C versus time for a sample of over 9850 storms during the
summer of 1979 over the southeast U.S. (from Purdom, 1982).

Using a conceptual model of Convective Scale Interaction (CSD), Purdom and

Sinclair (1990) explain the development and evolution of deep convection along arc

cloud lines observed with GOES imagery. The potential of a gust fr~ont to initiate new

convection depends on the parent storm (strength, stage of growth) and the stability of the

environment where it is advancing (Purdom and Sinclair, 1 990). With atmospheric

sounding data in the area and time of interest, the amount of vertical motion required to
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overcome the negative buoyancy in the boundary layer to initiate convective growth can

be estimated (Figure 8) (Purdom and Sinclair, 1990). GOES/VAS soundings are

preferred for this application as opposed to rawinsonde data, because it provides near

instantaneous observations through a column in the atmosphere with moderate vertical

resolution and high spatial resolution (hourly intervals) all from a uniformly calibrated

sensor (Purdom, 1986).
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Figure 8. Schematic showing an arc cloud line approaching a cumulus region
where some remaining negative buoyancy prevents deep convective
development. The vertical motion generated in the convergence zone
ahead of the arc cloud line's DSL may provide the additional forcing
required to initiate convection (from Purdom and Sinclair, 1990).

Although GOES infrared images have poorer resolution than the visible, they are

still useful in forecasting mesoscale weather. Adler and Fenn (1979) used GOESIR data

to study thunderstorm vertical growth rates and cloud top structure to try to find a

correlation with the occurrence of severe weather on the ground. They found areal
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expansion of cold cloud top areas, delineated by blackbody temperature isotherms to be

useful in monitoring growth rates. Tornadoes were found to take place during, or just

after, rapid expansion of the satellite-observed thunderstorm top (Figure 9). Furthermore,

expansion rate and minimum cloud top temperature parameters reach a critical level soon

enough to provide a potential 30-minute lead-time for issuing a weather warning (Adler

and Fenn, 1979).
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Figure 9. Thunderstorm growth rate diagram where N represents the number of
data points in the defined element with blackbody temperature > the
labeled threshold temperature. The letter placement indicates the time
of occurrence of high winds(W), hail(H) and tornado(T). (From
Adler and Fenn, 1979).

1.2.3 Use of Radar Data for Noweasting

The benefits of Doppler radar to the forecaster are related to its ability to remotely

measure air velocities both within storms and in the optically clear boundary-layer
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(Wilson and Wilk, 1982). This data can be displayed in a velocity-azimuth display

(VAD), a time/height profile of radial wind speeds, to help a forecaster understand

current atmospheric events. Three-dimensional fields of air motion can be obtained from

using radial velocity data from two or more radars.

The success of Doppler radar in observing and forecasting severe storms comes

from the ability to detect strong velocity gradients (Wilson and Wilk, 1982). Cyclonic

signatures, gust fronts, downbursts, wind shear, and turbulence can all be either

interpreted on the display or detected by WSR-88D system algorithms.

Wind shifts, frequently seen across a frontal boundary or dry line are clearly

identifiable on the Doppler velocity display. This allows precise location and close

monitoring of movement even in surface data (SAO) sparse regions (Wilson and Wilk,

1982).

Clear air measurements on Doppler radar come from two sources. The first

category is from radar returns of insects, seeds, dust, or chaff. The second source is the

result of refractive-index gradients (Rinehart, 1991). Radar measurements in clear air

allow a forecaster to observe boundary layer convergence lines undetected by other

conventional data sources. These lines are observable on the reflectivity display as thin

lines of enhanced reflectivity between 0 and 20 dBZ. (Wilson and Schreiber, 1986). On

the velocity display, convergence appears as a line of strong radial gradients in velocity.

These lines are important because most thunderstorm nowcasts involve the monitoring of

boundary layer convergence zones (Wilson and Mueller, 1993). In a study of over 650

convective storms during an eastern Colorado summer, Wilson and Schreiber (1986)
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found near 80% of the storms within radar range initiated close to radar-observed

boundary layer convergence lines (Figure 10).

According to Wilson and Schreiber (1986), improvements in nowcasting

convective storms are attainable if Doppler radar is used to detect and monitor

convergence boundaries, high-resolution satellite images used to monitor cloud growth,

and atmospheric soundings used to determine convective potential.

The major limitations of Doppler radar are: 1) a convergence line is not apparent

in the Doppler velocity field when the convergence is oriented along a radial (Wilson and

Schreiber, 1986); 2) being a fixed, ground-based instrument with limited range, multiple

radars are required for adequate coverage of large areas; and 3) echo target features are

often obscured by terrain or by intense activity close to the radar source (attenuation).
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Figure 10. Frequency of storm initiation location relative to moving boundaries.
Shows storms are likely to form between 0 and 20 km behind a moving
boundary. Shading represents subjectively classified boundary initiated
storms. (From Wilson and Schreiber, 1986).
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1.2.4 Combined Satellite/Radar Products Used to Study Convective Development

Reynolds and Smith (1979) developed a technique to digitally composite satellite

and radar imagery in a common coordinate reference frame. The goal was to demonstrate

this composited imagery could increase the understanding of convective development,

severe storm development, precipitation mechanisms, and the organization of mesoscale

features in relationship to the synoptic scale.

Radar data was acquired in 1-degree elevation PPI scans from 5-cm field radars

(WSR-75) associated with the High Plains Cooperative Program (HIPLEX). GOES

satellite data was acquired in half-hour intervals for the first case study and in three

minute intervals for the second case during a rapid scan period. The satellite data was

remapped into a polar stereographic radar projection prior to data integration. GOES

visible, infrared, and SWR-75 radar scans were then superimposed. Threshold values

were selected to cutoff the lower albedos and higher temperatures in the satellite data and

each data source was displayed in a separate color. Therefore, a region with data from all

sources appears white, a mix of all three enhancement colors. These regions are

considered convectively active and were compared with successive time images to

observe changes.

The data from Reynolds and Smith's first case study was compared with a high

density rain gauge network to relate satellite signatures to rainfall. Although this topic is

a bit of a digression from the study of convective development, the data collected over the

network provides information about the relationship between the temporal change of

mean albedo, mean and lowest cloud top temperature, and the area encompassed by the
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20 dBZ reflectivity contour in a growing thunderstorm complex (Figure 11). The

findings from this case include (Reynolds and Smith, 1979):

1) Development of cold cloud tops in the IR data tends to lag echo
development.

2) In low wind shear conditions, rainfall occurs underneath the coldest cloud
tops.

3) Average area of coldest cloud tops between the half-hour images relates well
to the area over which rainfall occurs.

4) Rate of change of cloud top temperature can imply increasing or decreasing
rainfall intensities.
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Figure 11. Time rate-of-change of satellite-measured albedo, mean cloud top
temperature, and temperature of coldest cloud top, along with area
enclosed within the 20 dBZ radar contour for the period of study,
25 May 1976 (Reynolds and Smith, 1979).

The second case study (using rapid scan satellite data) indicated large variations in

storm structure can occur between the routine 30-minute satellite scans. This observation

i• emphasizes the importance and need for rapid-scan imagery (Reynolds and Smith, 1979).
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Reynolds and Smith concluded that use of this compositing technique could have

a dramatic impact on forecast decision making by ultimately providing a more precise

definition of satellite parameters which correspond to severe storm events.

A comparison study of satellite infrared data and radar echoes for thunderstorms

in the midwest U.S. by Negri and Adler (1981) revealed relationships between these data

sources and thunderstorm evolution and intensity. Figure 12 shows how cell evolution

was monitored by CTT area changes and radar echo area changes with time. This storm

rapidly intensified at approximately 2300 GMT, shown by the expansion of the CTT

defined anvil edge and radar echo area and reflectivity increase. The minimum cloud top

temperature slightly precedes the maximum radar reflectivity (Figure 12).

In addition to showing a correlation between maximum radar reflectivity and

satellite-based estimates of thunderstorm intensity, Negri and Adler (1981) concluded

that inferences of thunderstorm updraft intensity can be made from satellite derived

quantities such as dTBB/dt and TN. High time-resolution data was noted to be essential

to accurately define and follow individual storms unambiguously and to accurately

measure the rate of change parameters on a time scale appropriate for thunderstorms

(Negri and Adler, 1981).

Purdom et al. (1982) studied tomadic thunderstorms by combining NCAR CP-3

Doppler radar reflectivity data converted to constant altitude plan position indicator

(CAPPI) scans along with three-minute interval GOES-East VIS and IR data. Since both

sources of data provide independent measurements concerning thunderstorms and the
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environment, the goal of the study was to use these data sources together to better

diagnose severe storms.
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Figure 12. a) Echo area (kn)of selected dBZ thresholds versus time (GMT) and
b) infrared area Wl•) of coldest Tn isothmms versus time (GMT) for a
western U.S. thunderstorm cell (from Negri and Adler, 198 1).

The cases studied by Purdom et al. (1982) were the May 2, 1979 Oklahoma

LahoE m and Orieta tomnaic thunderstorms. The GOES-E.s I. data was reI ppet into

a Lambert conformal conic projection and overlaid on selcted CAPPI levels of reflectivity

data. Several observations are made concerning convective storm structure and

evolution.
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The well documented horseshoe-shaped ridge of cold temperatures (Fujita, 1982)

is observed in the IR data of the storms. Warmer temperatures are observed inside this

ridge, at times masking the temperature information of a developing storm downstream.

This cirrus masking effect makes cloud top growth measurements less accurate. The use

of high frequency satellite imagery is therefore required to follow the evolution of such a

developing storm. When using an integrated satellite/radar product, the CAPPI displays

help insure the correct IR anvil area is matched with the correct echo (Purdom et al.,

1982).

Also observed was that the coldest cloud top temperatures do not necessarily

overlie the low level core of highest radar reflectivity. This is perhaps indicative of a

bounded weak echo region and therefore application of this observation could aid in

determining the severity of storms.

Combination of the pixel values comprising the separate radar and satellite images

while graphically maintaining IR temperature gradient information was accomplished by

Green and Parker (1983). The coldest IR brightness temperatures and strongest CAPPI

radar reflectivity echoes were compared in image loops which traced the evolution of

these features with time. Features on the CAPPI images at all levels were compared with

tornado damage locations on the ground.

Green and Parker's integrated product was produced by scaling, parallax-shifting

and remapping the satellite data into a Lambert-Conformal projection to match the radar

projection. Threshold reflectivity levels were selected on the CAPPI scans (25 and

50 dBZ) and a pixel-by-pixel comparison was made with the IR satellite image. For each
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radar pixel meeting the threshold requirements, a constant value (different for each

threshold range) is subtracted from the corresponding IR pixel value. The result is a

product with three distinct ranges of pixel values in the cloud top area. Modification of

the color table produces the combined product image with the two thresholded radar areas

displayed in a different color, without sacrificing the GOES cloud top temperature

information.

Results from this study once again showed the problem of cirrus masking causing

ambiguity in cloud top temperatures of downstream towers (the May 2, 1979 Oklahoma

tornadic storm case was used again). The echoes on the low and mid-level CAPPIs were

not collocated with the IR cold cloud top centers, indicating a highly sheared

environment. The new analysis in this study showed the 1 KM CAPPI's hook echo

positions were identical to the tornado damage assessment positions. Wind shear had

displaced the upper level echoes so they did not display hook echoes overlaying the

tornado damage routes (Green and Parker, 1983).

The major advantage of Green and Parker's satellite/radar composite was

determined to be the ability to clearly trace the storm's upper signature even when an

upstream storm's cirrus obscures its location on satellite imagery.

1.3 Satellite/Radar Product - Benefits and Problems

Although the benefits of combining satellite and radar data into a single product

are numerous, so too are the problems which arise from such a venture. The first

challenge comes from trying to combine data from two different sources which provide

28



independent measurements of thunderstorm growth. Satellite data provides intormation

on cloud top mean vertical growth rates, cloud top temperature and anvil expansion rates.

Radar provides reflectivity and velocity information, and volumetric echo properties and

their changes in time (Purdom et al., 1982). To combine satellite and radar images in a

quantitative way on a pixel-by-pixel basis would involve defining a new variable

describing, for example, the resulting value of combining information on reflectivity and

cloud top temperature. Being difficult to accomplish this in a meaningful way, data

combination efforts have focused instead on methods of graphically displaying the two

independent data sources in the same spatial and temporal scales.

Parallax error is always a concern when attempting to combine satellite data with

another source. Parallax error is the change in apparent position of a nearby object

compared with more remote reference objects when the nearer object is viewed from two

different points in space. Parallax is introduced in satellite data when viewing a point on

the earth or in the atmosphere from a non-overhead. position. The farther the target

cumulus cloud is from the satellite subpoint and the higher it develops, the more

horizontally displaced (radially away) the target will be viewed when trying to reference

it to a ground point (Figure 13). If cloud top temperatures are being investigated, the

correction for parallax involves simply shifting the image to its proper reference point

above the earth's surface. In doing this, however, data gaps occur in the space above the

area on earth behind the target unseen by the satellite sensor.
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Figure 13. Fxaggerated view of apparent displacement of a cloud positioned a finite
distance above the earth's surface (Reynolds and Vonder Haar, 1978).

Navigation error on the satellite image can create difficulties. when combining it

with a radar scan. Misalignment of the images by just one pixel can create substantial

errors when analyzing the combined data sources.

Without synchronization of radar and satellite data start times, perfect matching of

radar data scans to a loop of satellite images is difficult, if not impossible. Simply

matching the satellite image time with the radar scan time does not produce a time

synchronized product. Since it takes 18.21 minutes for the GOES spin scan radiometer to

complete a full disk image, the time it takes for the radiometer to "view" the area of

interest must be determined before matching the satellite image to the radar scan. When

observing a rapidly evolving mesoscale environment (convective storms, approaching

gust front, etc.) significant change can occur in just a few minutes. Combining other data
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sources with the satellite image in such instances without considering scan time could

lead to large errors.

Different resolutions in the data sources can also pose a problem. Doppler radar

can provide (depending on the gate spacing and distance from the radar) pixel resolutions

as small as .25 km, whereas the GOES infrared data produces a pixel resolution of

approximately 8 kan. Therefore subtle, small scale changes in the radar echoes won't be

reflected in the lower resolution IR data.

Constant Altitude Plan Position Indicator (CAPPI) scans are more desirable than

the use of standard PPI scans. Although the PPI scan is displayed as if it is a flat

horizontal surface, it really represents data along a "tilted," or conical surface (Figure 14).

Due to the elevation angle of the radar beam, echoes detected at a greater distance from

the radar are actually a higher height above the ground than echoes closer to the antenna.

The effect is most apparent for small cells moving toward the radar, where the cell will

actually "disappear" during low elevation scans when it passes directly overhead.

A major problem to be considered in developing a combined satellite/radar

product for operational use is the time consuming nature of processing the data. In order

to solve all the previously mentioned problems in the creation of the viable product, a

large amount of computer and human time is involved. With the increasing power and

speed of computers and increasing automation, however, the time required should

eventually be reduced along with a reduction in the amount of necessary human

interaction.
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Figure 14. Doppler radar viewing configuration: a) Radar scans about the vertical
axis, Z, at a fixed elevation angle, #; b) Resulting PPI scan
representation where Rs is the slant range (a) of the edge of the display
corresponding to height H above the ground (Brown and Wood, 1987).

The benefits of an integrated satellite/radar product, some of which have already

been described in the past research studies, are all useful to an operational forecaster. By

combining two different data sources into one product in the same projection, the amount

of data assimilation required by the forecaster is greatly reduced. It allows the forecaster

to focus his/her attention on the most active areas, rather than spending time attempting to

mentally merge the data. This becomes critical for the forecaster when they are

simultaneously attempting to issue weather advisories and monitor the convective

development.

Since both satellite and radar provide information pertaining to thunderstorm

growth, a display combining the two, alerts a forecaster to the most rapidly developing
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areas (Reynolds and Smith, 1979). For example, the overlapping regions of coldest

cloud tops and highest radar reflectivity would be most closely monitored by the

forecaster.

The mesoscale information provided by the radar scans can be used with the much

broader areal view of the satellite to tie the larger-scale synoptic features to the smaller

scale mesocale features (Reynolds and Smith, 1979). For example, more inferences on

development observed on satellite outside of radar range can be made if similar

development is seen within the range of the radar.

A composite product may better detect severe weather occurrences if, through

research, numerical thresholds indicative of severe weather are determined. The studies

by Purdom et al. (1982) and Green and Parker (1983) both addressed the topic of severe

weather detection. Green and Parker described the benefits of detecting tornadic activity

by using IR satellite data in conjunction with low level radar scans. Purdom et al. (1982)

found the product beneficial because the radar scans help the forecaster follow the

evolution of cold cloud top temperatures when this data is masked by cirrus from

upstream.

The process of convective-scale interaction is fundamental to the evolution and

maintenance of deep convection (Purdom and Sinclair, 1988). Satellite, and more

recently, radar (Wilson and Carbone, 1984) are used to monitor convective-scale

interactions. Used together, Doppler velocity data can detect convergence boundaries

even before the development of cumulus cloud fields, while GOES visible imagery can

monitor convective development both inside and outside of radar range. Radar, being
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limited in range, cannot detect distant outflow boundaries or sea breeze fronts. For

example, in Florida the west coast sea breeze frequently propagates across the peninsula

during an afternoon. An observant forecaster using satellite imagery could track such a

feature and predict its interaction with a cumulus cloud field well before it makes an

appearance on the radar display.

Finally, a combined satellite/radar display using IR cloud top temperatures and

radar reflectivity data would provide a means to study the relationship between changes

in radar echoes along with corresponding changes at the top of the storms. The results

from which could make valuable contributions to the study of convective storm

evolution. Graphic representation of these changes would be useful to the operational

forecaster by displaying the most active, intensifying regions of a storm - both within the

storm and at cloud top.

1.4 Research Objectives

Before accurate and precise local forecasting becomes a reality, an improvement

in our understanding of convective storm genesis and development is required (Purdom,

1986). One method of attempting to gain this improved understanding is through the

intelligent combination of meteorological data sources. Past applications of multi-sensor

composite images have enhanced the knowledge of convective development (Reynolds

and Smith, 1979). In the operational environment of launch weather forecasting, data

assimilation is required to help the forecaster digest the sometimes overwhelming amount

of critical data they need to meet stringent space program requirements (Madura et al.,
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1992). The benefits of improving in the quality and accuracy of forecasts translates to

monetary savings and more dependable protection of resources and human life. The

meteorological research community has an active interest in data assimilation as well.

NOAA's RAMM Branch at the Cooperative Institute for Research in the Atmosphere

have proposed plans to study convective development and evolution using combined 5-

minute rapid scan satellite data and Doppler radar data from the 1991 CaPE (Convection

and Precipitation/Electrification) experiment (Purdom and Vonder Haar, 1992).

With this in mind, the research objective of this study is to develop a means to

correlate and display GOES visible and infrared images with Doppler reflectivity and

velocity data in a meaningful, graphic format. From these sources, a combined

satellite/radar product display will be selected to investigate several cases of convective

storms.

Quantitative measurements will be made using the combined product display to

detect possible patterns, trends, or relationships in the satellite/radar data. Such

information could be valuable to forecasters attempting to nowcast convective storm

evolution.
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Chapter 2

DATA AND PRODUCT DEVELOPMENT

2.1 Convection and Precipitation/Electrification (CaPE) Experiment

The greatest advances made in trying to solve the problem of predicting

thunderstorm development have been derived from the analysis of data collected during

major field experiments (Purdom and Vonder Haar, 1992). The most recent investigation

of this type was the CaPE experiment, which took place in east-central Florida from

8 July - 18 August 1991. CaPE was a multi-agency field program sponsored by the

National Science Foundation (NSF), Federal Aviation Administration (FAA), National

Aeronautics and Space Administration (NASA), National Oceanic and Atmospheric

Administration (NOAA), and the United States Air Force (USAF). Of the five stated

objectives of the CaPE experiment, theme four pertains most closely to the goal of this

thesis: Improving techniques for performing short-period forecasts (nowcasts < 2 hr) of

convection initiation, downbursts, and tornadoes (Foote, 1991). East Central Florida was

selected as the site of the experiment for a variety of reasons. First of all, the central

Florida area is the nation's leader in annual number of thunderstorm days (Court and

Griffiths, 1986). This fact, along with the regular appearance of the sea breeze front on

the coast, provided assurance for plenty of opportunities to study convection and its

initiation in the boundary layer. Secondly, the mesonets and other additional

instrumentation could be of use to the Cape Canaveral Forecast Facility and Kennedy



Space Center in support of launch operations. The already existing instrumentation could

likewise be helpful to the CaPE experiment. Finally, the close proximity of Air Force

and National Weather Service meteorologists made it possible to support a cooperative

nowcasting experiment (Foote, 1991).

As an Air Force Launch Wee Sher Officer, I had the opportunity to participate in

the nowcasting experiment (entitled: CaPOW). One of the CaPOW objectives was to

produce 30-minute nowcasts of the initiation and evolution of convective cells via

prediction of the low altituae locations of 40 dBZ reflectivity contours (Foote, 1991).

Valuable training and experience was gained from using the CP-4 Doppler radar in

conjunction with other data sources (GOES imagery on the Air Force MIDDS, CLASS

soundings, PAM mesonet data) in order to produce nowcasts.

2.2 Geostationary Operational Environmental Satellite (GOES)

Geostationary satellites, unlike polar orbiters, provide visible and infrared earth

images on a high frequency basis. With updated scans disseminated in near-real-time, at

least every 30 minutes, a forecaster is able to observe the motion and rate-of-change of

weather systems (Kidder and Vonder Haar, 1992). GOES is maintained at an earth

synchronous altitude 35,800 km above the earth's surface. It is spin-stabilized with its

spin axis parallel to the earth's axis and orbits in the earth's equatorial plane, remaining

stationary at a desired longitude. An attitude control subsystem cofitrols proper earth

imaging by maintaining the spin axis alignment and spin rate of approximately 100 rpm.

There are normally two GOES in operation (GOES-East at 75°W and GOFS-Wt. -at
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135°W), however presently only one is operational (GOES-Prime located at 98°W in the

summer and 1080W in the winter) (Figure 15).

Figure 15. Drawing of GOES-7

The GOES consists of three major subsystems: Space Environment Monitor

(SEM); Telemetry, Tracking, and Command (TTC); and the meteorological instrument.

The meteorological instrument in GOES-7 is the Visible and Infrared Spin Scan

Radiometer (VISSR) Atmospheric Sounder, or VAS. In operational imaging mode, the

VISSR scans the earth and gathers data in the reflected visible and thermal infrared

portions of the electromagnetic spectrum. In sounding mode, VAS has atmospheric

temperature sounding capability, which is used to calculate atmospheric temperature

profiles.
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The satellite operates with spun and despun portions. The despun portion

contains antennas for communications with earth, while the VAS resides in the spun

portion, with its instruments sensing the earth only 5% of the time (Kidder and Vonder

Haar, 1992). West-to-east scan lines are formed by rotating around the axis of the

spinning spacecraft. Radiation from the earth enters the VAS optical reflecting telescope

at right angles to its optical axis via the optically flat scan mirror (Clark, 1983). At

geostationary altitude, the earth subtends only 17.4', therefore the scan mirror only needs

to scan ± 100 from the sub-satellite point to view the entire hemisphere (Kidder and

Vonder Haar, 1992). To complete a full disk (hemispheric) image takes 18.21 minutes

(1821 required satellite rotations at a rate of 100 rpm). The VAS starts a new image at

30-minute intervals, using the remaining 10 plus minutes for weather fax transmission or

ranging. When in rapid interval scan operations (RlSOP) mode, the scan mirror limits

the size of the north-south sector viewed providing for up to 12 visible or IR images per

hour.

The visible channels are sensitive to the visible spectrum (0.55 to 0.75 PM) which

is the sunlight reflected from the earth and clouds. Cloud formations are sensed therefore

only during the daylight hours. The resolution of the GOES visible images are 0.9 km at

the satellite subpoint. The IR channels sense the emitted radiation in the atmospheric

window from the earth and clouds in the 10 to 12.5 pm range. The resolution of the

GOES infrared images are 6.9 km at the subpoint.
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2.2.1 Use of GOES During CaPE

Most of the archived satellite data during the CaPE experiment was from the

GOES-7 satellite. The satellite was being moved during the experiment, so the subpoint

varied from 100.4°W longitude on 8 July to 98.1°W longitude on 18 August. The

subpoint locations during the case study days of 24, 25, and 26 July 91 were as follows

(Williams et al., 1992):

Table 3: GOES-7 Subpoint Locations

Date Time (W ) Latitude Longitude

24 July 91 1200 00:00:30°S 098:45:03'W

25 July 91 1200 00:00:31S 098:43:420 W

26 July 91 1200 00:00:32°S 098:42:05°W

High frequency images were available, as the CaPE Operations Director had the

authority to select 10 days to put the satellite into rapid scan mode. Data during the rapid

scan periods from three of these days were selected for case studies.

2.3 Doppler Radar

Doppler radars provide three basic measurements in the atmosphere:

1) reflectivity: a measure of the intensity of scatterers present in the

atmosphere.

2) velocity: using the Doppler frequency shift relationship, the radial

component of scatterer motion can be determined.
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3) spectrum width: measuring the width of the spectrum of frequencies

detected, the turbulence within the sampling volume can be determined

(Rinehart, 1991).

Pulse Doppler radars transmit a series of pulses separated in space by a controlled

time interval. Some of this transmitted energy is re-radiated back to the radar by

scatterers in the atmosphere or on the ground. Doppler radars detect the power of the

received signal or the velocity of moving targets. The maximum range of a radar is

computed by the time it takes for the emitted pulse to be received back at the radar.

The radar antenna directionally focuses the radar's signal. This is in contrast to an

isotropic source, which radiates energy equally in all directions. The gain of the radar

antenna is defined as the ratio of the power that is received at a specific point in space (at

the point in the beam where maximum power exists, p,) to the power which ,vould be

received at the same point from an isotropic source (p2). Gain is measured in terms of

decibels (dB), the logarithm of a unitless ratio of powers:

G = 10log[I P2]

The radar equation states that the power received by the radar due to distributed

targets intercepting its beam is proportional to the radar reflectivity factor and inversely

proportional to the square of its range. The reflectivity factor is defined as the summation

of the diameters of the particle reflectors (raindrops) to the sixth power per unit sample

volume:

z4=D6
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This definition is valid for Rayleigh scatterers, or for spheres that are small compared to

the wavelength of the incident radar beam. The units of the reflectivity factor are:

mm6 /m3, which results in a large range of values with a small change of scatterer

diameter. A logarithmic parameter is therefore used instead of the reflectivity factor (z):

Z= 11°og[z ]

The logarithmic reflectivity factor value, Z, is given in terms of decibels relative to a

reflectivity of I mm 6/m3, or dBZ. For example, values of reflectivity range from -30 dBZ

for fog particles, while hail could return values as high as 75 dBZ (Rinehart, 1991).

Correlations can be made between radar reflectivity returns (Z) and rain rate (R).

Many experimentally determined Z-R relationships have been documented by

researchers, the most commonly used was discovered by Marshall and Palmer:

Z = 200 R1' 6

This relationship provides a way to translate dBZ values from reflectivity returns into the

more comprehensible, quantitative description of rainfall. The strength of a storm viewed

by radar is frequently defined in terms of one of six DVIP intensity levels. These levels

were defined by the National Weather Service based upon rain rates (Rinehart, 1991):
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Table 4: NWS DVIP Intensity Levels

DI Le•,Rirae(nh ReflectiviV (dBZ)

1 0.1 29.5

2 0.25 35.9

3 0.5 40.7

4 1.25 47.0

5 2.5 51.9

6 4.0 55.1

The problems to be aware of when working with Doppler radar data are both

similar to those of conventional radar, like range folding, attenuation, or receiver noise,

and unique to Doppler such as velocity aliasing. Range folding occurs when a radar

pulse reaches a target at a range greater than the maximum range, determined by the pulse

repetition frequency (PRF). The return from this out of range target is not received until

the radar transmits the next pulse. The result is a displayed "second trip echo" on the

radar plan position indicator (PPI). These echoes not only appear at a closer than true

range, but are also characteristically elongated in a radial direction (Figure 16) (Brown

and Wood, 1987). Range folding can be corrected by decreasing the PRF until the range

of the radar extends to the correct location of the second trip echo, however this hinders

the unambiguous Doppler velocity measurements. The maximum detectable Doppler

velocity, like the range, is dependent on the PRF of the radar. Since the maximum

unambiguous velocity is inversely related to the maximum unambiguous range, an

increase in one necessitates a decrease in the other. This is known as the "Doppler

dilemma" (Brown and Wood, 1987).
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Figure 16. Examples of range folding for a line of four storm cells. The
shaded areas represent the locations of measured radar return; those
labeled with primed numbers have been range folded into the first
trip (Brown and Wood, 1987).

Boundary-layer convergence lines are observable on a radar reflectivity display in

the 0-20 dBZ range (see Figure 20a). The signal-to-noise ratio approaches I for returns

nearing the 0 dBZ level, however, often obscuring important features with receiver noise

(shown in the velocity display in Figure 19a). Careful selection of a display threshold

can eliminate much of the noise, while preserving the meaningful returns.

Electromagnetic radiation passing through any medium is reduced in power by an

amount that depends upon the kind of material present and its density. This reduction in

power of the radar beam is called attenuation. Attenuation on radar is almost certain to

appear as it detects a thunderstorm or very strong echo. The amount of attenuation

depends on the type of radar (wavelength), the strength of the echo, and its horizontal

extent. For example, a DVIP level 6 echo on an X-band (2.5-4 cm) radar 10 km in width
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will attenuate the beam by 54 dBZ. This will result in a moderate storm behind the

thunderstorm going potentially undetected (Rinehart, 1991).

2.3.1 NCAR CP-4 Doppler Radar

Located approximately 10 miles west of Patrick AFB (Figure 17), the NCAR

CP4 radar was one of 6 dedicated radars in the CaPE experiment. Its purpose was to

provide, in coordination with the CP-3 radar, sector scans for dual Doppler coverage to

support the study of convective initiation, downbursts, tornadoes, and electrification

(Foote, 1991). The CP4 was scheduled to perform regular 360 degree surveillance

scans for the purpose of helping in the direction of daily operations. Scans were also sent

to the Cape Canaveral Forecast Facility in support of CaPOW, the nowcasting portion of

the experiment. To support CaPOW, every 6 minutes (approximately) the CP4 radar

produced PPI surveillance scans at 4 elevation angles. This data, along with other data

and products such as PAM station data and CLASS soundings were ingested and

displayed on a SUN workstation using NCAR's Zeb software.
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Figure 17. CaPE experimenta area and instrumentation network (Foote, 199 1).
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2.4 Development of Research Platform

Two different software tools were considered for the investigation of convective

storm evolution using data from the CaPE experiment. NCAR's Zeb software was used

operationally during CaPE and is available for post analysis studies. The Zeb system

combines diverse data sets in real-time and in post-processing environments. Zeb does

have an ingest module for GOES satellite data, however after installing the CaPE version

of Zeb on a Sun SPARC workstation at CSU's computer visualization lab, the capabilities

for satellite data analysis were found to be quite limited. Zeb is primarily a useful tool

for combining Doppler radar, lightning data, Portable Automated Mesonet (PAM)

network data, and CLASS soundings.

With remapping, navigating, and area combination capabilities Oust to name a

few) on an IBM OS/2 WIDE WORD workstation, the Man computer Interactive Data

Access System (McIDAS) provides a much more versatile means for combining radar

and satellite data. Not only is it the primary software package used by CIRA's RAMM

branch, it is the forecasting and briefing tool used by the forecasters at the Air Force's

Cape Canaveral Forecast Facility. Therefore, developing a combined satellite/radar

product on this system is advantageous because of: 1) the capabilities of McIDAS;

2) the expertise of experienced scientists in CIRA/RAMM; and 3) the direct applicability

to an operational environment.
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2.4.1 Data Acquisition

The satellite and radar data used in this project were acquired from the

Cooperative Institute for Research in the Atmosphere (CIRA), and the National Center

for Atmospheric Research (NCARIUCAR and NCARIRDP).

A set of 4 VCR tapes with loops of 1 km resolution GOES-7 visible imagery for

each day of the CaPE experiment were prepared by Florida State University. The NCAR

Office of Field Project Support (OFPS) provided these tapes for the purpose of browsing

for research case studies.

Half-hour visible GOES data in McIDAS image format for the entire experiment

was provided by the University Corporation for Atmospheric Research (UCAR) using

file transfer protocol (FTP). This data was organized into directories and stored on

optical disks. Compressed files of infatred imagery were also obtained from UCAR.

However, uncompressing and organizing the files revealed large time gaps in this data

set.

The VCR tapes and half hour visible GOES imagery together with the daily

meteorological summaries (Williams et al., 1992) were used to select days for case

studies. CaPE days experiencing convection, including sea breeze/outflow boundary

interactions inciting thunderstorms within CP-4 radar range (within a 65-70 nmi radius

of 28.2°N and 80.7°W) were considered. Days with Rapid Scan satellite imagery

available were also required in order to match satellite images as closely as possible to

the high temporal resolution of the radar scans.
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With the satellite data obtained from NCAR being inadequate (no RISOP and

missing IR images), all the GOES imagery was instead acquired from CIRA. This

involved much processing, as the RAMM branch during CaPE archived the raw satellite

images on the VAX as savesets on 8mm exabyte tapes. Visible and infrared data had to

be read from the tapes and processed into navigated McIDAS images. The major stages

of this multi-step process were:

1) Convert the CIRA AAA-formatted images into raster images using the IRIS

image processor.

2) Transfer the raster image files (via FTP) to an optical disk on the McIDAS

WIDE WORD workstation.

3) Obtain the navigation for each image from the Space, Science, and

Engineering Center (SSEC) McIDAS mainframe in Madison, WI.

4) Attach the navigation parameters to each image area file.

Over 300 visible and infrared images were processed in this manner.

The NCAR CPA data surveillance scans from CaPE were obtained from

NCAR/RDP (Research Data Program). The data was available in either field binary

format or universal format. Universal format was developed in April 1980 in Boulder,

Colorado at the Common Doppler Exchange Format Workshop. A common radar data

exchange format became necessary as cooperative projects, bringing together

independently engineered systems with different data-recording formats, became more

routine. In order to facilitate Doppler radar data exchange between participating groups

and non-specialist users, Doppler radar universal format was developed (Barnes, 1980).
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The CP4 data was requested in this format for this project in order to process data not

only from the CaPE experiment, but also for possible future use with data sets from other

cooperative field projects. Unfortunately, the decision to use universal format data for

this thesis limited the number of possible case studies. NCAR had not yet converted all

the CP4 scans into this format, and to do so required expensive Cray computer time.

Therefore, five days were selected with time intervals corresponding to the dates/times of

satellite rapid scan periods. NCAR/RDP sent this data on 8 mm exabyte tapes.

The first major stumbling block in the data processing was encountered when

determining the NCAR exabyte tape was produced on a UNIX machine with a high

density tape drive. High density tape drives are less common and not as accessible as low

density drives. The UNIX-generated tape was an issue, because it created difficulties in

transferring the files to a VAX disk. This step was necessary, because the only available

high density drive is accessible from the VAX mainframe (the McIDAS PC cannot read

8mm exabyte tapes). This problem was finally resolved after being introduced, by a

CIRA programmer, to a Battelle-written VAX utility called MTEXCH. This utility

provides the ability to read and write tapes in formats suitable for exchange with

non-VAX computers. Using MTEXCH, the record length, record format, character set,

carriage control and other attributes from the tape files could be properly copied to a

VAX disk. The files containing the CP4 data were then FTP'd from the VAX disk to

PC-McIDAS optical disks. The files were then ready for processing into McIDAS

images.
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2.4.2 Software Acquisition and Adaptation

By far the most time consuming part of this project was the adaptation of software

to convert Doppler radar reflectivity and velocity data from universal format into images

displayable on the McIDAS PC. Discovering software already capable of performing this

task would have eliminated the hours spent on rewriting, testing and debugging code,

using the time instead to concentrate on the more interesting task of data analysis.

The framework for the source code to accomplish the data conversion was

obtained from a scientist at NASA's Marshall Space Flight Center in Huntsville,

Alabama. The program, titled "UFRECT" (for universal format to rectilinear), converts

polar data (universal format data) to Cartesian coordinates and writes a McIDAS image.

The MSFC subroutine was quite a few years old, not currently being used and was not

guaranteed to still work. The challenge then was to decipher the over 500 lines of mostly

uncommented FORTRAN and McIDAS code to determine if it could be rewritten into a

version capable of running on the PC. Since it ran on a McIDAS mainframe as opposed

to a PC, JCL statements handled input specifications such as record length, blocksize, and

format. A new method of inputting the data had to first be written.

Not only did new input code have to be incorporated, but since the PC uses an

alternate byte ordering scheme from the byte ordering of the host (data generating)

computer, big-endian to little-endian bit conversion had to be accomplished for every

byte in each file. Initially this was accomplished by a brute force method of processing

each byte in the data file one by one. Efficiency was tremendously increased when the

source code was changed to perform the same task on the data one block at a time. Such
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improvements in software code efficiency saved enough time to enable over 650 radar

scans to be processed for case studies.

The final notable change to the UFRECT program was to add code to extract

velocity data and create McIDAS velocity image areas. Although MSFC's program was

intended to include this option (velocity data was listed as a selection in the command

line instructions) the code required to extract and manipulate ii was never written.

2.4.3 Testing and Debugging

Each record of universal format radar data contains a header block, followed by

the data itself. The format specifies the content of every word in the header block, each

word containing information describing the data, or how the data is organized in the

record (Appendix E). The header information, printed to a file (Appendix F), was used to

debug the UFRECT program. Nonsensical values returned to this file indicate a problem

in reading the universal format data. After assurance that the CP-4 data was properly

read and an image created, testing for data quality was accomplished by comparing the

produced radar images to the 1 km resolution GOES visible data.

The first significant problem encountered with display of the data was due to

McIDAS image areas being unable to store and display negative values. Only numbers

ranging from 0-255 can represent pixels which comprise a McIDAS image. This

obviously poses a problem when trying to aisplay negative dBZ values, indicative of

very small water droplet targets, or clear air returns. The Doppler velocity display also

uses negative values to indicate radial motion toward the radar. The fix for this problem

turned out to be relatively simple. A color table bias of 100 was added to every pixel
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value in the conversion program when processing the images. Therefore, negative data

values are represented and displayed by pixel values less than 100.

Another quality control problem was the display of bad data. Second trip echoes

were prevalent in the scans. Although these displaced echoes could not be removed from

the display, their characteristic signature (Figure 18a) and comparison with the visible

satellite imagery (Figure 18b) made identification possible. The bad data in the velocity

field was due to receiver noise. To correct this problem, a function was built into the

UFRECT conversion program to filter out the bad velocity data by comparing it to the

reflectivity data. Velocity data pixels corresponding to reflectivity pixels below a

calculated threshold were considered noise and set to the value 255 (i.e. not displayed by

the color table). In order to not eliminate clear air returns, this function was written to

vary the threshold to stay at the receiver's limit of detectability. This limit varies with

range squared (r?), so the threshold increases using the same relationship with increasing

range. The result is a displayed scan preserving only the valid velocity measurements

(Figures 19ab,c).

53

L



dB 26 2o0 311 ý 6.2 7.6

Figure 18a. Example of second trip echoes from a CP4 radar scan - 24 July 91/1904Z.
Compare the appearance of these echoes with those in Figure 16.

Figure 18b. GOES visible image - 24 July 91/1901Z. The convection just outside of
radar range east of Tampa is responsible for the range folding problems
in Figure 18a.
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Figure 19a. CP-4 velocity data processed into a McIDAS/PC image area without
noise filtering the data - 26 July 91/1928Z.

Figure 19b. McIDAS/PC displayed CP-4 velocity scan after filtering out receiver
noise --26 July 91/1928Z. Note the NE-SW oriented line of
thunderstorms moving toward the radar at up to 16 m/s (maximum
velocities are aliased).
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Figure 19c. GOES visible image - 26 July 91/1926Z.

2.5 Product Development

2.5.1 Combining the Satellite and Radar Images

Preparing the satellite and radar images for display in a combined product on the

McIDAS PC involved a few prepatory steps. The satellite images had to be remapped

into the radar projection and enhancements developed for the radar scans. The radar

enhancements for reflectivity and velocity were modeled after those from the University

of North Dakota C-band Doppler weather radar (Rinehart, 1991) and the NEXRAD

WSR-88D (USAF Doc. 1990) (Figures 20ab,c).
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Figure 20a. CP4 Doppler radpr reflectivity scan with McIDAS/PC color table -
25 July 91/2019Z. The range ring radius is 75 km (46.6 mi).

-11 7 1/E

Figure 20b. CPA Doppler riidar velocity data with McIDAS/PC o&, able - 25 July
91/2'019Z. Negative values represent movement toward the radar,
positive values indicate movement away. The outer range ring radius is
116 kmn (72.1 mi).
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Figure 20c. GOES visible image - 25 July 91/2016Z. Using the information from
the corresponding velocity scan in Figure 20b: cells A and B have a
component of motion from south to north; the NE cells in the cloud
streets C are moving slowly away from the radar at 3-6 m/s while
velocities of up to 10 m/s are detected in a well-defined line to the SW.

By remapping the satellite image imv the radar on the McIDAS PC, the coarser

resolution satellite image is converted into 1 km size pixels by multiplying the data points

by simply dividing up the original pixels. Of course this does not improve the image

resolution, but it allows a pixel-by-pixel comparison with the radar image in which every

pixel represents the same amount of earth area.

Since satellite image times and radar scan times were not synchronized during the

CaPE experiment, radar scan times had to be matched to the available satellite images.

During the RISOP periods, it takes GOES 2 minutes and 27 seconds to scan to 28.2*N

latitude, 80.7*W longitude - the location of the CP4 radar during CaPE. Normal scan
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mode requires 3 minutes and 28 seconds to reach the same point. To achieve as close to a

synchronized product as possible, every satellite image used in the case studies was

matched with a radar scan within 3 minutes of the image time plus the appropriate scan

time.

To combine the images into a single display, the selected CP-4 scans (at the

desired elevation angle) and satellite images were loaded into opposite McIDAS image

frames. By using the McIDAS PC dual channel enhancement capability, the system can

toggle the radar pseudo-coloring table in and out of the video refresh path, combining the

current (satellite) and opposite (radar) images pixel by pixel (Figures 21a,b). The

combined data sources can then be looped through the sequential image times. By this

method, there is no loss of gradient information from either source. Another advantage is

the ability to quickly toggle on and off the CP-4 data. For an operational forecaster, this

allows for closer inspection of details in each source separately, if needed.
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Figure 21 a. Combined satellite and radar display using the GOES visible image
from Figure 18b and the CP-4 reflectivity scan at 0.3 degrees elevation
from Figure 18a. The source of the second trip echoes can easily be
determined.

Figure 21 b. Combined satellite and radar display using the GOES visible image from
Figure 20c and the CP-4 velocity display at 0.3 degrees elevation from
Figure 20b.
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Figures 22ab show the error in the combined display due to parallax. The cloud

tops viewed in this image are radially displaced away from the satellite subpoint (shown

in Figure 13) in the direction indicated by the yellow dotted line (Figure 22a). Since

rapidly growing thunderstorm cells are being studied, the error changes on each

successive image, making correction difficult. The images in the following case studies

were not adjusted to correct for parallax.

Figure 22a. McIDAS/PC calculation of cloud height on a GOES visible image from
the cloud edge and shadow (13.11 kin).
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Figure 22b. Combined satellite/radar display shows the increasing offset of cloud
tops from radar echoes with increasing storm height. Parallax error
estimates range from 5 km to I 1 km in this image.

2.5.2 Combined GOES/IR Radiances and CP4 Reflectivity Data Product

Of the four types of processed data from CaPE, infrared cloud top temperatures

and radar reflectivity returns were selected for combination to investigate convective

storm evolution. Both measurements provide information on thunderstorm growth, and

storm intensity. In NCAR field experiments, thunderstorms are defined by radar

reflectivity measurements. For nowcasting studies, a precipitating cloud is considered to

be a thunderstorm if its corresponding radar echo is > 30 dBZ (Wilson and Mueller,

1993). DVIP thunderstorm intensity level thresholds are also based upon reflectivity (see

Table 4). Cloud top temperature is an indicator of intensity of convection. Colder
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temperatures imply higher thunderstorm heights, which have long been related to

thunderstorm severity (Adler and Fenn, 1979).

Enhancements on the case study images were created or adjusted to highlight

threshold values. Reynolds and Smith (1979) used -30'C to define cloud top temperature

in their composite, while Adler and Fenn (1979) considered -47°C the threshold defining

cloud top. Selected radar values also varied considerably based upon the type of study

from 20 dBZ (Reynolds and Smith, 1979) to 25 and 50 dBZ levels (Green and Parker,

1983) to 30 or 40 dBZ values (Wilson and Mueller, 1993). Obviously each value was

selected to be case/experiment specific. What is important is not the selected threshold

number, but how that cloud top region or echo changes in area, relates to an observed

event on the ground, or how changes in the cell area as defined by the two data sources

compare to each other.

In order to compare the time rate-of-change in area of a storm's cloud top to the

rate-of-change in area of its radar reflectivity return, a procedure was devised to extract

this data from the McIDAS PC images. Isolating cells to study was not an easy task. The

case studies all feature rapid development, rapidly moving storms and frequent

interactions with outflow boundaries and the sea breeze front. A McIDAS image

statistics routine was used to encircle the enhanced cloud top and associated radar echo

(Figures 23ab), returning a histogram with a count of pixels at or above selected

threshold levels (Tables 5 and 6). In difficult cases, visible satellite imagery helped to

define the extent of a storm cell and help outline the associated reflectivity echo. Due to
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Figure 23a. Circled CP-4 reflectivity cell on the McIDAS/PC (25 July 91/2051Z).
Statistics from this selected area are returned in tabular form (Table 5).

l20

Figure 23b. Circled GOES/JR enhanced cloud top temperatures corresponding to the
CP-4 echo in Figure 23a. Statistics on brightness count values within
this area are shown in Table 6.
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Table 5. McIDAS area (km2) statistics output with histogram. The number of
pixels in "brightness count" ranges within the circled area (Figure 23a)
are displayed. In this example, the range values represent reflectivity
returns (dBZ + 100) greater than or equal to 25 dBZ.

AmA Unit pegn Mimum Maximum M=n S&a MQde Median Loil £LThi
224 BRIT 489 125 162 136 8 125 135 125 155

0% 25% 50% 75% 100W/ EW1s Y RMa gCau
Bin I-....

0 I***** 101 20 125-128 15
1 I*****66 13 129-131 30
2 [******I84 17 132-135 45
3 1"****I72 14 136-138 60
4 I****** 81 16 139-142 75
5 ** 34 6 143-145 90
6 1** 26 5 146-149 105
7 1 10 2 150-152 120
8 I 7 1 153-156 135
9 1 3 .61 157-159 150

10 1 5 1 160-163 165
11 1 0 0 164-166 180

ASTAT: Done

Table 6. Same as Table 5, except the range of pixel values represent brightness
counts greater than or equal to 201 encircled in Figure 23b.

AMA Unbi EPhe MinmumMm Maxim Man SD Mo Median Lo-Tail iTij
1024 BRIT 1783 201 210 205 2 206 205 202 202

0% 25% 50% 75% 100% 0ixel < Rangek
Bin I

0 *** I 223 12 201-202 28
1 ******469 26 203-204 56
2 ********679 38 205-206 84
3 ****** I296 16 207-208 112
4 ** I 116 6 209-210 140
5 I 0 0 211-212 168

ASTAT: Done
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parallax, complex convective interactions, and perhaps wind shear with height, the radar

echo did not always neatly underlie the infrared cloud top.

The statistics extraction procedure was continued on each cell until: it dissipated

below the threshold values, moved out of the radar range, or satellite rapid-scan coverage

for the day ended. Analyzing the data involved plotting the change in the coldest cloud

top area and highest reflecviv'ity returns versus time and the rate-of-change of these values

(Figures 24ab). In all cases, the cloud top temperature area greatly exceeds the radar

echo area. A cross section of a supercell thunderstorm (Figure 25) shows the large area

coverage of the anvil compared to that of the rain/precipitation shaft. The ratio of these

areas depends on the strength of the storm, the stage of its development, and the

temperature selected to define the cloud top. To better compare the changes of satellite

and radar data, a scaling factor was used to increase the radar area values. The factor

used is indicated in the legend of each chart (Figures 24ab).
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Coll Area Defined by Cloud Top Temperature (CTT)
and Radar Reflectivity

6000-_

4000 _

1 3000 ____ ____ ________ ________

2000 _____ __________

1000_ _

0 20 40 60 80 100 120 140 160 I80
Thn. (mht"mN)

Figure 24a. Plot of a thunderstorm cell area based on thresholded values of satellite
derived cloud top temperature and radar reflectivity versus time. The
reflectivity values are multiplied by a factor of 3.

Time Averaged Rate of Change In Cell Area Defined by
Cloud Top Temperature (CTT) and Radar Reflectivty

RCl~ 220. m.nn 3

ReAT -4 -0 CB (weumn.nX) Tm mnt.

Figure 24b. Plot of the time averaged rate of change of the data in Figure 24a versus
time. Points above the x-axis represent area increases, while data below
represents decreasing areas. The reflectivity values are multiplied by a
factor of 3.
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Figure 25. Cross section of a supercell thunderstorm (from Bluestein and Parks,
1983).

Unfortunately, there are many possible sources of error in this procedure. First of

all, due to the elevation angle of the PPI scan, an echo from a cell moving toward the

radar represents precipitation from lower in the storm. This effect is minimized by using

the lowest available elevation scan of 0.30.

Additional reflectivity pixels could be erroneously included during the statistics

gathering process due to the appearance of second trip echoes, or a nearby cell. Or data

could be missed due to attenuation of the radar signal, especially when the storm is

located near the maximum range of the radar.

Parallax and slight navigation errors, however should not greatly impact the

results. This is because the process of encircling the cloud top or echo with the cursor

does not require the images to be perfectly aligned. Knowledge of the maximum amount

of parallax error for the region of study provides enough information to adequately match

a cells cloud top temperature with its radar echo. Parallax is therefore subjectively

compensated for during data analysis.
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Chapter 3

CASE STUDIES

The three days chosen for study from the CaPE data set were July 24, 25, and

26th. These consecutive days were selected because of the amount of convection and

convective interaction present within the range of the CP4 radar surveillance scans

during GOES RISOP coverage. Rapid scan imagery was considered critical in this study

of convective storm evolution because of the great amount of change which can take

place in a 30 minute period. Trying to isolate and track a single cell is difficult due to the

many interactions and rapid development common in Florida thunderstorms. In one half

hour (normal time interval between GOES scans), a cell can go through many

intensifying and weakening cycles, be absorbed by another cell, or disappear completely.

From the three study days, a total of nine cells were analyzed using the combined

satellite/radar display on a McIDAS PC. To help describe the convective potential for

each day, a brief discussion of the surface and upper air conditions is given. Data used in

the discussions come from the McIDAS satellite/radar loops, soundings, and analyzed

upper air maps and meteorological summaries from NCAR/OFPS.

Also accompanying each case day are visible satellite images identifying the

studied cells by number at three times during development. Photographs of the McIDAS

IR satellite/radar composite show the sequence of images from which the cloud top



temperature and reflectivity data were extracted. Plots of this data provide insight into

the relationship of the two information sources during the evolution of the cell.

3.1 Case Study #1: July 24, 1991 (1731-2201 UTC)

Early analysis on the 24th revealed upper-level and surface features indicating an

unstable environment and therefore a high probability for afternoon convection. An

upper level low in south Florida observed at 200 and 500mb produced southeasterly

winds of 20-30 kts across the central region of the state (Figures 26a-c). On the surface, a

pressure trough extended from the Carolinas southwestward into the Florida panhandle

(Figure 26b). To the south of the CaPE area, an east-west ridge axis from an Atlantic

high protruded across the southern peninsula. As a result of these features, west to

southwesterly winds in the lower 2.5 km were observed (Figure 26c). Cold temperature

at 500 mb (-8.2°C) with low level moisture, the indices from the CCAFS late morning

sounding reveal an unstable atmosphere (CAPE of > 4000 J/kg).

Convection on the east coast was initially hindered as cirrus clouds in the

southeast flow moved across the Cape, delaying rapid surface heating. In addition,

visible imagery shows the region just north of Cape Canaveral to be drier than central and

southern Florida (Figure 27a). Just south of the Cape, however convection began along

the sea breeze front early in the afternoon near Vero Beach (Cell #1, Figure 27a). This

cell grew both to the north and south along the sea-breeze boundary as it slowly traveled

westward, eventually producing an outflow boundary at 2001Z (Figure 27b). This
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outflow contributed to the intensification of a cell in Osceola county (Cell #2, Figure

27b).

The storm in the southwest sector of CP-4 radar range grew steadily from its

moderate cumulus stage (Cell #3, Figure 27a), producing I-inch hail and damaging winds

in Frostproof, FL (Polk county) in the time period from 1915-1945Z. The most intense

convection of the day in central Florida was due to outflow from early morning

thunderstorms on the west coast near Tampa. This boundary traveled eastward across the

peninsula during the afternoon. In addition to intensifying cell #3, the west coast outflow

developed severe storms over Orlando. Wind gusts of 58 mph were produced at the

International Airport at 2045Z. Hail up to 1 1/4 inch in diameter was reported during this

time. This storm was not studied since it occurred after the satellite RISOP period.

Cell #1 (Vero beach) data analysis: During the first hour (1731 Z- 1831 Z) steady growth

was observed, followed by a more rapid increase in CTT area during the second hour

(Figure 29a). An even more rapid decrease in intensity occurred at 2000Z as the cell

dissipated after producing a westward moving outflow boundary. Figure 29b shows a

maximum decrease in the rate-of-change in 40 dBZ cell area just prior to rapid increases

in growth rates in both cloud top temperature (CTT) and radar reflectivity (RR) areas.

The two coincident, highest peaks in CTT(-58gC) and RR(40 dBZ) (Figure 29b) indicate

both CTU and RR detect maximum thunderstorm growth rate.
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Cell #2 (Osceola Co.) data analysis: Bcgan as an isolated cell (Figure 27b) growing

rapidly with the help of an outflow boundary from cell #1 (Figures 28f-i). The CTT and

RR areas increased rapidly from this point for about 30 minutes, fluctuated a bit during a

40-minute period of more moderate growth before entering a steady dissipating phase

(Figure 30a). Like cell #1, the time rate-of-change of this cell was defined similarly by

CTT and RR with the same number of maximum and minimum points in both data

sources. The reflectivity area changes however precede those in the CTT by

approximately 5 minutes (Figure 30b).

Cell #3 (Frostproof, Polk Co.) data analysis: A steady increase in CTT area for

approximately 60 minutes preceded a gradual weakening of the storm first observed in

RR(4OdBZ) at 40 minutes, then CTT(-64 C) at 60 minutes (Figure 3 Ia). During the hour

of development, the maximum peaks of RR area rate increases preceded those in CTT by

approximately 10-12 minutes (Figure 31b). During the period of decreasing -64 C CTT

area, the secondary thresholds maintain this apparent relationship with CTU area changes

lagging RR changes by approximately 5 minutes. The CTT maximum rate of change

decrease also slightly lags that of RR (Figure 31b). Observation of this cell was cut short

due to the radar echo moving out of range as well as the cloud top being obscured by

neighboring convection. The CTU contamination being due to expanding cirrus anvil

from the hail producing cell tn the N-NE over Orlando and advecting cirrus cloud from

cell #2 to the southeast (Figures 27c,28j).
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SOO0-MILLIBAR HEIGHT CONTOURS .

Figure 26a. 500mb height contours - 24 July 91/12Z (from Climate Analysis Center,
Daily Weather Maps).
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Figure 27b. GOES visible satellite image -24 July 91/2091Z.

Figure 27c. GOES visible satellite image - 24 July 91/2051Z.
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Figure 28a. Combined GOES/IR image and CP4 Doppler radar reflectivity scan
displays - 24 July 91/sequence loop from 1831Z-2131Z. Although more
images are available and were used in the study, only 10 images are
included for this time period.

* . 8 S 0

Figure 28b. Combined GOES/IR image and CP4 Doppler radar reflectivity scan
display - 24 July/I1851Z.
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Figure 28c. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display - 24 July/191 lZ.

IrS

Figure 28d. Combined GOES/JR image and CP-4 Doppler radar reflectivity scan
display - 24 July/1926Z.
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Figure 28e. Combined GOES/JR image and CP4 Doppler radar reflectivity scan
display - 24 July/I 946Z.

Figure 28f. Combined GOES/IR image and CP4 Doppler radar reflectivity scan
display - 24 July/2001Z
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Figure 28g. Combined GOES/IR image and CPA4 Doppler radar reflectivity scan
display - 24 July/2021Z.
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Figure 28h. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display - 24 July/203 I Z.
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Figure 28i. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display - 24 July/2051Z.

Figure 28j. Combined GOESIR image and CP-4 Doppler radar reflectivity scan
display - 24 July/2131IZ.
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Cell Area Defined by Cloud Top Temperature (CTT)
and Radar Reflectivity
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Figure 29a. Area of Cell #1 (Vero Beach) based on satellite derived cloud top
temperature and radar reflectivity thresholded values versus time. The
reflectivity values are multiplied by a factor of 5. The date/time at the
origin is 24 July 91/1746Z.

Time Averaged Rate of Change In Cell Area Defined by
Cloud Top Temperature (CTT) and Radar Reflectivity
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Figure 29b. Time averaged rate of change of the data in Figure 29a. The reflectivity
values are multiplied by a factor of 5. The date/time at the origin is 24
July 91/1746Z.
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Coil Area Defined by Cloud Top Temperature (CTT)
and Radar Reflectivity
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Figure 30a. Area of Cell #2 (Osceola Co.) based on satellite derived cloud top
temperature and radar reflectivity thresholded values versus time. The
reflectivity values are multiplied by a factor of 3. The date/time at the
origin is 24 July 91/1916Z.
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Figure 30b. Time averaged rate of change of the data in Figure 30a. The reflectivity
values are multiplied by a factor of 3. The date/time at the origin is
24 July 91/1916Z.
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Figure 3 1 a. Area of Cell #3 (Polk Co.) based on satellite derived cloud top temperature
and radar reflectivity thresholded values versus time. The reflectivity
values are multiplied by a factor of 3. The date/time at the origin is
24 July 91/1916Z.
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Figure 3 1b. Time averaged rate of change of the data in Figure 31Ia. The reflectivity
values are multiplied by a factor of 3. The date/time at the origin is
24 July 91/1916Z.
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3.2 Case Study #2: July 25, 1991 (1646-2316 UTC)

The primary synoptic upper level features in the southeast U.S. on July 25 were:

a 200 mb high in the Atlantic off the Carolina coast, and a trough over Florida. The

trough is evident at 500 mb by the cyclonic turning in the wind field over the Florida

peninsula (Figure 32a). Southerly flow along the coast increased the mid-level moisture

especially in the 700-500 mb level. The 1740Z Cape sounding (Figure 32c) shows this

increase along with a 5-10 kt increase in the southwesterly winds up to 15 Kft from the

prior day. Moderate-to-strong convection was expected from the sounding analyzed

stability parameters, LI: -5.7 and CAPE of> 2000 J/kg. At the surface, the frontal

boundary went stationary to the north of Virginia and west of Tennessee while the surface

high pressure over the Atlantic built in slightly (Figure 32b). With the ridge axis

remaining to the south of the Cape area, boundary layer winds were southwesterly. Wind

flow from this direction over Florida tends to inhibit the inland penetration of the east

coast sea breeze front. This typically leads to the development of a line of cumulus

clouds and eventually an intense frontal zone parallel to and slightly inland from the coast

(Wakimoto and Atkins, 1993).

Debris cloud from nocturnal thunderstorms originating off the Florida coasts

prevented early heating and therefore shut down early development. While only weak

convection developed over the Cape in the early afternoon, the more significant

development began in the central portions of the state. Thunderstorms formed along a

line from Daytona Beach through Tampa and from Melbourne southwestward. The

storm just entering radar range approximately 72 miles west-northwest of Melbourne
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(Figure 34a) produced winds which uprooted trees and downed power lines in southern

Marion county. A wind gust of 58 kts was reported in Geneva, due to a cell developing

in the cloud streets just west of cell #3 (Figures 33b,34e).

Cell #1 and #2 (Fort Pierce) data analysis: Remaining isolated for most of its lifetime,

this cell was the easiest to analyze. For this reason, radar reflectivity data was collected

from this cell at two different elevation angles: 0.3 degrees (cell #1) and 3.0 degrees

(cell #2). The altitude difference of the echo at a range of 55 miles between the two

antenna elevation angles is significant. Returns from the cell at 0.3 degrees are 1,540 ft

above the ground, while an elevation angle of 3.0 degrees returns data at an altitude of

15,400 ft. A comparison of figures 35a and 36a shows the radar reflectivity area at the

selected thresholds to be greater for the 3.0 degree elevation scan, or higher up in the

storm. Achieving maximum area at the higher elevation scan lags the 0.3 degree scan's

peak by approximately 5 minutes.

The development over Fort Pierce began on the east coast sea-breeze front and

quickly intensified after 2000Z due to outflow from the dissipating cell to its northeast

(Figures 34b,34c). At both elevation angles, the rate of change of the RR area reaches its

maximum decrease rate just prior to the point of maximum increase in CTT area

(Figures 35b,36b). The second peak in RR rate at 90-100 minutes is due to the cell

merging with a cell to its north at 2131Z (Figures 33c,34g-j). At this point in time, the

CTT information between the two cells merged, becoming indistinguishable. Although

the RR area reached a maximum, the rate of change of CTT area continued to decrease
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steadily. Radar data from the 3.0 degree elevation scan stops at 130 minutes due to

sectors of no data on the radar scan starting at 2231 Z (Figure 34i).

Cell #3 (Indian River/north KSC) data analysis: With weak penetration of the sea breeze

in the strong southwest flow regime, cell #3 grew slowly within a group of

northeast-southwest oriented cloud streets close to the coast (Figure 33a). A gust front

from the storm due west of the CP-4 location intersected with this cell, beginning its

intensification phase. The increase in area after 55 minutes (Figure 37a) is due to the cell

expanding to include the developing storms in the neighboring cloud streets (Figures

33a-b,34d-g). The rate of change of area observed in CTT and RR increased concurrently

during the period from 55 to 75 minutes (Figure 37b). After 120 minutes, the rate of

change of radar echo area became positive while the rate-of-change in CTT area

decreased steadily. This pattern, seen also in the evolution of cell #1, is perhaps due to

convective precipitation becoming stratiform during the mature stage of the thunderstorm

(Figure 34h-j). The cloud top typically descends during this phase (Figure 38).
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alyDaily Weather Maps).
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Figure 33b. GOES visible satellite image -25 July 91/2056Z.

Figure 33c. GOES visible satellite image - 25 July 91/2131Z.
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Figure 34a. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
displays - 25 July 91/sequence loop from 1941Z-2246Z. Although more
images are available and were used in the study, only 10 images are
included for this time period.
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Figure 34b. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display - 25 July/2001Z.
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Figure 34c. Combined GOES/IR image and CPA4 Doppler radar reflectivity scan
display - 25 July/2016Z.

Figure 34d. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display -25 July/203 I Z.
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Figure 34e. Combined GOES/IR image and CPA4 Doppler radar reflectivity scan
display -25 July/2051IZ.
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-igure 34f. Combined GOES/JR image and CPA4 Doppler radar reflectivity scan
display -25 July/2056Z.
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Figure 34g. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display - 25 July/2131Z.

Figure 34h. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display - 25 July/2201Z.
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Figure 34i. Combined GOES/IR image and CPA Doppler radar reflectivity scan
display -25 July/2231Z.
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Figure 34j. Combined GOES/IR image and CPA4 Doppler radar reflectivity scan
display - 25 July/2246Z.
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Cell Area Defined by Cloud Top Temperature (CTT)
and Radar Reflectivity
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Figure 35a. Area of Cell #1 (Fort Pierce) based on satellite derived cloud top
temperature and radar reflectivity thresholded values versus time. The
reflectivity values are multiplied by a factor of 5. The date/time at the
origin is 25 July 91/1946Z.
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Figure 35b. Time averaged rate of change of the data in Figure 35a. The reflectivity
values are multiplied by a factor of 4. The date/time at the origin is 25
July 91/1946Z.
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Cell Area Defined by Cloud Top Temperature (CTT)
and Radar Reflectivity
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Figure 36a. Area of Cell #2 (same cell as #1, except using 3.0 degree elevation scan)
based on satellite derived cloud top temperature and radar reflectivity
thresholded values versus time. The reflectivity values are multiplied by a
factor of 5. The date/time at the origin is 25 July 91/1941Z.
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Figure 36b. Time averaged rate of change of the data in Figure 36a. The reflectivity
values are multiplied by a factor of 4. The date/time at the origin is 25
July 91/1941Z.
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Cell Area Defined by Cloud Top Temperature (CTT)
and Radar Reletvtty
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Figure 37a. Area of Cell #3 (Indan R./N. KSC) based on satellite derived cloud top
temperature and radar reflectivity thresholded values versus time. The
reflectivity values are multiplied by a factor of 3. The date/time at the
origin is 25 July 91/2001Z.
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3.3 Case Study #3: July 26, 1991 (1731-2101 UTC)

Southwesterly steering flow and a weak upper trough persist. The 500 mb trough

is once again evident by the cyclonic turning of the winds along the Alabama-Georgia

border and southward on through central Florida (Figure 39a). The surface front in the

mid-Atlantic states pushed slowly southward to just north of Alabama-Mississippi. The

surface high built into south Florida with the ridge axis remaining to the south of Cape

Canaveral through Fort Myers (Figure 39b). The 1531Z Cape sounding shows unstable

conditions with southwesterly steering flow at 10-15 kts and a large amount of moisture

(Figure 39c).

Nocturnal convection once again occurred off the Florida coast. The first

thunderstorms during the day formed in the west coast sea breeze near Tampa Bay and in

the north-central portions of the state. After 18Z, a broken line of convection developed

from Mosquito Lagoon (north of KSC) southwestward to a point southeast of Tampa

(Figures 40a, 41c). The cells in this synoptically driven line were moving to the northeast

while the line continued to advance southeast. The cells developed or intensified as they

intersected with the east coast sea breeze front creating some intense thunderstorms

(Figures 40b-c, 41 g-l). A thunderstorm wind gust of 58 mph from cell #4 (Figure 40a)

was reported at the KSC shuttle landing facility early in the afternoon. The line of

convection continued moving south throughout the afternoon initiating strong convection

and leaving behind an area of stratiform precipitation. At 2200Z, the Vero Beach airport

sustained damage to three parked planes due to thunderstorm winds.
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Cell #1 (S. Osceola Co.) data analysis: Observation of this cell began at 1931 Z after it

completely entered the southwest limit of radar range (Figures 40b, 41 i). The 85 minutes

of available data only followed this cell through part of its intensification phase

(Figure 42a). The initial RR peak in this figure leads the start of the CTT (-69°C) increase

by 10 minutes. Approximately 15 minutes separates the dip in the middle of both plots.

The two maximum peaks in the RR time rate of change in cell area plots at 43 and 55

minutes precede similar peaks in CTT by approximately 15-18 minutes (Figure 42b).

Cell #2 (St. Cloud) data analysis: Began as a small cell at 1731 Z approximately 40 miles

NW of Melbourne near St. Cloud. By 1841Z it became a line with >48 dBZ returns at its

northeast end (Figures 40a, 41d) and its growth in RR area leveled off (Figure 43a). The

CTT area meanwhile was increasing rapidly until shortly after 1900Z (or 95 minutes).

The decrease in the rate-of-change of the CTT area from +25 km2/min. to -135 km2/min.

in a 10-minute period (Figure 43b) is possibly due to analysis error. This type of rapid

drop in CTT area is uncharacteristic unless the storm cell is dissipating. The second rapid

drop in Figure 39b indicates the true dissipation of the storm cell. At this time, outflow

from this cell raced to the east and collided with cell #3 (Figures 41i-1) and the cell #2

dissipated (Figures 40b-c). Ignoring the exaggerated drop in CTU area, previously

observed patterns are seen in Figure 43b. Increasing rates of change in CTT area are

preceded by a moderate increase in radar reflectivity area during the first 50 minutes.

Also, the two points of maximum rate of change in area based on CTT (-55°C) at 85 and

115 minutes lag those based on RR (at 80 and 102 minutes). Finally, the maximum
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negative rate of change of RR (40 dBZ) occurs 5-10 minutes before the corresponding

CTT negative change rate of -120 km 2/minute (Figure 43b).

Cell #3 (Titusville) data analysis. After two hours this cell finally began to grow

appreciably in area both in CTT and RR (Figure 40a). Located downstream of cell #2, its

growth at the 120 minute point is a result of the St. Cloud cell's outflow

(Figures 40b-c,41 i-l) and collision with south-east moving cell #4 (Figures 40a-c,41e-i).

A peak in rate of change in RR area at 98 minutes in Figure 44b precedes the start of the

increasing CTT change in area rates. No other correlations can truly be made between

the CTT and reflectivity data after this point. Perhaps this is due to the complex

interactions occurring during this period. Observation of this cell was terminated at

2031 Z because of its interaction with a cell directly over the "blind spot" of the radar

(Figures 40c, 41 m).

Cell #4 (Mosquito Lagoon) data analysis: Initiating on the sea breeze, this cell began

rapid growth at the start of the data set (Figures 40a, 41a-d). After this initial 50 minute

growth, the CTT area defined by -55°C remained generally constant at 1100 km2

(Figure 45a) until the southern portion of the cell was "overtaken" by cell #3. The

northern portion of the cell #4 simultaneously experienced growth in reflectivity area

(Figures 41 f-h) followed closely by an increase in CTT area. The net effect of this

interaction is shown graphically in Figure 45b between the 95 and 115 time period, or

from 1856Z to 1916Z (Figures 41e-h). By 1946Z this cell had almost completely

dissipated on radar.
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Figure 39a. 500mb height contours -26 July 91/12Z (from Climate Analysis Center,
Daily Weather Maps).
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Figure 39b. Surface pressure analysis and station plots -26 July 91/12Z (from Climate
Analysis Center, Daily Weather Maps).
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Figure 40b. GOES visible satellite image - 26 July 91/1941Z.

Figure 40c. GOES visible satellite image - 26 July 91/2041Z.
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Figure 41a. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
displays - 26 July 91/sequence loop from 1731Z-2101Z. Although more
images are available and were used in the study, only 14 images are
included for this time period.
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Figure 41b. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display - 26 July/180 1 Z.
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Figure 41 c. Combined GOES/IR image and CPA4 Doppler radar reflectivity scan

display - 26 July/ 183 1Z.
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Figure 4l1d. Combined GOES/JR image and CPA4 Doppler radar reflectivity scan
display - 26 July/I 84 1Z.
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Figure 41e. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display - 26 July/1856Z.

Figure 41 f. Combined GOES/IR image and CP4 Doppler radar reflectivity scan

display - 26 July/1901Z.
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Figure 41g. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display - 26 July/191 1Z.

Figure 41h. Combined GOES/AR image and CP4 Doppler radar reflectivity scan
display - 26 July/19 16Z.
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Figure 41i. Combined GOES/AR image and CP-4 Doppler radar reflectivity scan
display - 26 July/1941Z.

Figure 41j. Combined GOES/IR image and CP4 Doppler radar reflectivity scan
display - 26 July/1946Z.
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Figure 41k. Combined GOES/IR image and CP-4 Doppler radar reflectivity scan
display- 26 July/1956Z.

Figure 411. Combined GOES/IR image and CP.4 Doppler radar reflectivity scan
display - 26 July/201 I Z.
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Figure 41m. Combined GOES/IR image and CPA4 Doppler radar reflectivity scan
display -26 July/203 1Z.

Figure 41In. Combined GOES/IR image and CPA4 Doppler radar reflectivity scan
display - 26 July/2101Z.

III



Cell Ana Defined by Cloud Top Temperature (CTT)
and Radar Relectlvity
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Figure 42a. Area of Cell #1 (S. Osceola Co.) based on satellite derived cloud top
temperature and radar reflectivity thresholded values versus time. The
reflectivity values are multiplied by a factor of 5. The date/time at the
origin is 26 July 91/1931Z.
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Figure 42b. Time averaged rate of change of the data in Figure 42a. The reflectivity
values are multiplied by a factor of 4. The date/time at the origin is 26
July 91/1931Z.
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Figure 43a. Area of Cell #2 (St. Cloud) based on satellite derived cloud top
temperature and radar reflectivity thresholded values versus time. The
reflectivity values are multiplied by a factor of 2. The date/time at the
origin is 26 July 91/173 1Z.
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Figure 43b. Time averaged rate of change of the data in Figure 43a. The reflectivity
values are multiplied by a factor of 3. The date/time at the origin is 26
July 91/173 1Z.
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Figure 44a. Area of Cell #3 (Titusville) based on satellite derived cloud top
temperature and radar reflectivity thresholded values versus time. The
reflectivity values are multiplied by a factor of 5. The date/time at the
origin is 26 July 91/173 1Z.
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Figure 44b. Area of cease on satelite 4. The reflectivity
values are multiplied by a factor of 5. The date/time at the origin is 26
July 91/173 1 /Z.
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Figure 45a. Area of Cell #4 (Mosquito Lagoon) based on satellite derived cloud top
temperature and radar reflectivity thresholded values versus time. The
reflectivity values are multiplied by a factor of 3. The dateltime at the
origin is 26 July 91/173 1Z.
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Figure 45b. Time averaged rate of change of the data in Figure 45a. The reflectivity
values are multiplied by a factor of 4. The date/time at the origin is 26
July 91/173 1Z.
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3.4 Examples of Nowcasting Benefits Using the Combined Display

The satellite/radar combined display provides a forecaster with a useful

nowcasting tool because the strengths of both sources can be utilized together to help

determine convective potential. No time is wasted attempting to assimilate two different

displays and therefore attention is quickly focused to the most active or potentially active

regions. By late afternoon on the first case study day (24 July 91), cirrus and

thunderstorm anvil clouds obscure much of the boundary-layer detail often observed in

satellite imagery. Figures 46 and 47 reveal the important detail radar provides in such

cases. Figure 46a shows a sea-breeze line labeled 'A' similar in shape to the east coast

line. Although the northern half of this convergence line is observed on both satellite and

radar, the southern portion is obscured on satellite and is only visible on radar. The same

is true for outflow boundary-B (Figure 46a). Monitoring these boundaries is important

since they both lead to intense convective cells with >50 dBZ reflectivity (Figures 46b-c).

Another example of cirrus masking is shown in Figures 47a-b. Outflow

boundaries A and B (Figure 47a) are both difficult to detect on satellite imagery (Figure

47b). Knowing the outflow boundary-A is advancing to the northwest into unstable air

enables a forecaster to predict the development of stronger thunderstorms (Figure 47c-d).

The second case study (25 July 91) provides examples of the detail offered by

GOES imagery giving clues to the instability of the environment prior to similar

indications on radar. The cloud streets labeled 'A' in Figure 48a indicate the atmosphere

in this region is unstable enough to develop moderate cumulus clouds. A trigger

mechanism such as the sea-breeze/convergent line B is needed to initiate deep
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convection. Using radar alone (Figure 48b), a forecaster may not realize the convective

potential of region A until rainshowers develop (Figure 48c). Ultimately, as a result of

the collision of the sea-breeze/convergent line and the cloud streets, region A develops

thunderstorms of >48 dBZ reflectivity (Figure 48d). An arc-cloud outflow boundary

from a dissipating cell on this case study day can be observed on satellite propagating

northward (Figure 49a) initiating moderate convection (Figure 49b). This feature is not

detected on radar because the 3.0 degree elevation scan overshoots the shallow boundary.

Figure 46a. GOES/visible image and CP-4 Doppler reflectivity scan combined
display - 24 July 91/201 IZ. A is the east-coast sea-breeze boundary;
B is a radar-detected outflow boundary observed beneath a cirrus shield.
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Figure 46b. GOES/visible image and CP4 Doppler reflectivity scan combined
display - 24 July 91/2031Z. The yellow circle indicates the region of
probable convection due to the imminent collision of a convergence
line and a developing cumulus cloud mass.

Figure 46c. Same as Figure 46b for 24 July 91/2051Z. Note the convection both
in the circle and to its south. Signs of this development were apparent
at least 40 minutes earlier on the combined display.
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Figure 47a. GOES/visible image and CP-4 Doppler reflectivity scan combined
display - 24 July 91/2131Z. The features labeled 'A' and 'B' are radar-
detected outflow boundaries.
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Figure 47b. GOES/visible image - 24 July 91/2131Z. Outflow boundaries A and B
labeled in Figure 47a are not as obvious using only the satellite image.
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Figure 47c. GOES/visible image and CP-4 Doppler reflectivity scan combined
display - 24 July 91/2201. Outflow-B continued to advance eastward
while outflow-A generated a >50 dBZ thunderstorm cell.
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Figure 47d. GOES/visible image - 24 July 91/2201Z. Note the overshooting cloud
top in the cell generated from outflow-A.
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Figure 48a. GOES/visible image and CP-4 Doppler reflectivity scan combined
display - 25 July 91/1956Z. The cloud streets in region-A indicate
the atmosphere is moist and unstable, while the convergence boundary
(B) could provide the necessary trigger for deep convective development.
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Figure 48b. CP-4 Doppler reflectivity scan - 25 July 91/1956Z. Used alone, not
enough information is displayed to assess the convective potential of
region-A.
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Figure 48c. GOES/visible image and CP-4 Doppler reflectivity scan combined
display - 25 July 91/2016Z. Cloud streets in region-A are detected
on radar at least 30 minutes after first observed on satellite.

Figure 48d. GOES/visible image and CP-4 Doppler reflectivity scan combined
display - 25 July 91/2131Z. The most intense convection within
radar-range is occurring in the cloud street region-A (Figure 48a).
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Figure 49a. GOES/visible image and CP-4 Doppler reflectivity scan combined
display - 25 July 91/2056Z. An arc-cloud outflow boundary (A)
seen on the satellite image is not detected on radar due to the 3.00
antenna elevation scan.
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Figure 49b. GOES/visible image and CP-4 Doppler reflectivity scan combined
display - 25 July 91/2131Z. The arc-cloud line in Figure 49a initiated
new convection to the northwest of the outflow's dissipating parent cell.

123



Chapter 4

RESULTS

4.1 Conclusions

Conclusions from this study can best be described in two parts: I) knowledge of

convective storm evolution gained from the quantitative data analysis; and 2) nowcasting

applications of the combined satellite/radar display.

Data analysis from the case studies reveal a time lag relationship between the

maximum rate-of-change in cell area defined by radar echo and the rate-of-change in cell

area defined by cloud top temperature. CTT area changes lag the cell's radar reflectivity

area changes by 5-30 minutes in most cases. This relationship varies depending on the

radar elevation angle and the reflectivity and temperature thresholds chosen to define the

cell. This relationship is also dependent on location, therefore the results of this study are

geographically bound to east-central Florida. For example, the evolution of a Florida

thunderstorm as observed with satellite and radar may differ greatly from a storm in the

central U.S.. Heavy rainshowers in Florida's subtropical humid environment often occur

in cells with tops of only 10-12 Kft. A storm in the central plains, in contrast, may not

yield a significant rainshower on radar until much higher cloud tops develop.

A cell may not exhibit this time lag relationship for many reasons. The complex

interactions (sea breeze, outflow boundaries, collisions) seen in the case studies will

disrupt a typical, expected relationship. The scale differences between the two sources



could also have a large impact on results. The changes in the radar echo, representing a

much smaller area than the cloud top, may not always be reflected in the CUF changes.

No common pattern was observed by comparing the data during the early to

mid-stages in the life cycle of the cells which could conclusively signal to a forecaster the

approaching dissipation of the storm. The time rate-of-change of radar echo areas are

very sporadic, oscillating frequently back and forth between positive and negative

rates-of-change in cell area. The rate-of-change in cloud top temperature area, however

was rarely negative until true dissipation when the "orphan" anvil slowly sublimates

(Bluestein, 1993). The area defined by the cloud top temperature often steadily reaches a

maximum peak, then steadily decreases. In four of the studied cells this occurred. Cloud

top temperature changes are therefore a better indicator of convective storm dissipation

than changes in radar reflectivity echo area. Knowing when the rate-of-change in the

CTT area stops increasing (or the rate of increase begins to decrease) provides valuable

information to a forecaster. For example, in Figure 35b, the point of inflection indicating

the weakening of the cell (because of the decrease in the rate of area expansion) occurs 20

minutes before the maximum peak in CTT area growth in Figure 35a.

Tracking thunderstorm anvil growth and movement is very important in launch

weather forecasting. Launch constraint 2.d. in Appendix A states that a launch cannot

take place if the planned flight path will carry the vehicle "through or within 10 nautical

miles of the nearest edge of any cumulonimbus or thunderstorm cloud, including its

associated anvil." The monitoring of the rate-of-change of cloud top temperature in

conjunction with other sources (upper level winds, satellite/radar imagery loop, surface
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mesonet data) could help provide the launch weather forecaster with a thunderstorm and

anvil dissipation nowcast.

Satellite rapid-scan imagery available in at least 10-minute intervals along with

high temporal radar scan coverage (preferably synchronized with satellite image times) is

essential to forecasting and the study of convective storm evolution. The high frequency

images enable a more precise detection of the maximum rate-of-change in CTT area -

shown to be a possible early signal of thunderstorm dissipation. Using the combined

satellite/radar combined display, features observed to initiate or intensify convection

often appeared only very briefly. Short time interval data allows for the detection and

monitoring of these features.

Although it is difficult to present new positive findings from the quantitative

relationship presented between the cloud top temperature and radar echo growth rates

with a large degree of certainty, the qualitative aspects of the combined satellite/radar

display for nowcasting are certain. This method of combined display allows a forecaster

to take full advantage of the strengths in both sources of data. For example, the radar

detects important boundary-layer convergence features masked by satellite observed

cirrus or even in clear air, while monitoring approaching outflow boundaries using

satellite can be done at greater ranges - well before they can be seen on the radar display.

Often satellite can also provide a clearer picture of the convective potential in the

atmosphere than what is observed on radar. Combination of these sources also increases

the forecaster's efficiency by reducing the amount of data assimilation required when

using satellite and radar data to produce a nowcast.
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4.2 Overview

The research objectives in section 1.4 of this text were completed with varying

degrees of success. A combined display of GOES imagery with Doppler radar scans was

accomplished on a McIDAS/PC WIDE WORD workstation after converting the universal

format radar data into image format. Many modifications to the conversion program

were accomplished, most notably: 1) code added to extract and display velocity data; 2) a

routine developed to filter out receiver noise from the display; 3) providing a means to

display, aegative pixel values, representing negative reflectivity and velocity returns; and

4) a more efficient input routine was included to speed up the processing time of one scan

from approximately 6 minutes to 1 minute. Although still not fast enough for use in an

operational environment, it is now suitable for data processing in post analysis studies.

Available remapping and renavigating procedures (the RAMM branch landmark

correlation re-navigating technique, for example) were used to prepare the images for

graphic combination. The dual channel enhancement toggle function then merged the

two data sources. Functions on McIDAS such as zoom and roam provide a useful means

of easily manipulating the displayed product for better inspection. Color table

enhancements and graphics for the radar images were designed for a more meaningful

graphic display.

Unlike the development of the combined satellite/radar product, the application to

show its usefulness in nowcasting convective storm evolution did not meet all expected

goals. The qualitative use of the combined display was shown to benefit forecasting

efforts, however the quantitative analysis of the compared satellite and radar data did not
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reveal conclusive trends or relationships. The rate-of-change of a cell's cloud top

temperature area does provide information pertaining to the dissipation phase of the

thunderstorm. This information is important to forecasters and is especially applicable to

launch weather forecasting.

4.3 Follow-on Research

Any further study of the relationship between satellite and radar data and the

possible implications for benefits to nowcasting should include a larger sample of case

studies. The sample used in this study was too small to produce conclusive results. Also

required would be the use of more data sources in conjunction with the satellite and radar

product to more thoroughly describe the mesoscale environment.

These steps could perhaps help to determine if the observed time lag between the

rate-of-change in cell area defined by cloud top temperature and the associated radar

reflectivity echo is related to the intensity of the storm or to the storm's rate of growth.

Other possible areas of study with such a data set include: determining the average

lifetime of convective cells or clusters in Florida or determining the average time it takes

for the cells to reach peak intensity.

The use of soundings (rawinsonde or satellite) could be used in conjunction with

the combined display to forecast the convective potential within an area of interest (see

Purdom and Sinclair 1990). The CIRA/RAMM branch storm relative motion technique

could be used for cells with a strong component of atmospheric motion to better locate

the storm's vorticity center and perhaps the probability of further growth or dissipation.
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Soon GOES-I data will be available and could greatly benefit studies of this type

to improve nowcasting capability. Better image resolution will provide more detail.

Improved cloud edge and cloud top feature detection capability will lead to improvements

in severe storm identification. And with two views of a storm from the geostationary

satellite network, better possibilities exist for making corrections for parallax. The

amount of "hidden" data out of view behind the cloud top will be reduced by combining

images from two viewing angles.

4.3.1 GOES-I/M System

The next generation of GOES satellites (GOES-I through GOES-M) will produce

many new improvements over current geostationary satellite capabilities, providing

exciting future research possibilities. The first of the series (GOES-8) was launched on

April 13, 1994 (Figure 50).

Significant changes have been made by Ford Aerospace in its design and function.

The first major change in design is that the new GOES series is no longer spin stabilized,

but is three axis stabilized. This configuration permits the instrumentation to remain

earth-oriented like current low altitude polar orbiters. This orientation also allows for

more efficient duty cycles of imager and sounder which yield higher spatial resolution

and improved signal-to-noise (Purdom et al., 1993). The second major design change is

seen in the imager and sounder. In GOES-7, these instruments coexist in the VAS, or

VISSR Atmospheric Sounder, and cannot each be fully utilized due to operational

scheduling conflicts. This will no longer be a problem with GOES-I/M since these
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instruments are separate and capable of independent, simultaneous operation (Kidder and

Vonder Haar, 1992).

Figure 50. Drawing of GOES-I.

The improved multispectral imaging GOES-I features 5 imaging channels, all of

which are scanned during every imager frame (Purdom et al., 1993):

1. 0.52-0.72 p.m - visible

2. 3.78-4.03 gm - shortwave infrared window

3. 6.47-7.02 p.m - upper level water vapor channel

4. 10.2-11.2 pm - longwave infrared window

5. 11.5-12.5 pm - infrared window with slightly different amounts of water

vapor contamination than in the shortwave IR or longwave IR windows
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The uses of these new channels include: nighttime fog identification, detection of liquid

water clouds over snow during the daytime and low level moisture identification and sea

surface temperature identification (Purdom, 1993). In addition to the types of

information, most of the imager's channels have improved ground resolution and

radiometric accuracy.

A simulation of GOES-I imagery from 10-bit NOAA AVHRR data shows

GOES-I should provide significant improvements over the current geostationary system

(Purdom, 1993). The anticipated improvements include: more accurate cloud drift wind

measurements; development of new techniques for severe storm identification; low light

visible imaging, highly accurate cloud height determination; and development of

improved low level moisture and sea surface temperature products. In addition to these

improvements, algorithms can be developed to combine and compare the various

channels to produce new, advanced products benefiting areas as diverse as nowcasting

and climate change (Purdom et al., 1993).
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APPENDIX A

CCAFS/KSC Launch Weather Natural/Thiggered Lightning Constraints
(courtesy of USAF 45th Weather Squadron)

1. Do not launch if any type of lightning is detected within 10 (ten)
nautical miles of the launch site or planned flight path within 30 (thirty)
minutes prior to launch, unless the meteorological condition that produced the
lightning has moved more than 10 nautical miles away from the launch site or
planned flight path.

2. Do not launch if the planned flight path will carry the vehicle:

a. through cumulus clouds with tops higher than the +5 degree Celsius
level; or

b. through or within 5 nautical miles of cumulus clouds with tops higher
than the -10 degree Celsius level; or

c. through or within 10 nautical miles of cumulus clouds with tops higher
than the -20 degree Celsius level; or

d. through or within 10 nautical miles of the nearest edge of any
cumulonimbus or thunderstorm cloud including its associated anvil.

3. Do not launch if, for Ranges equipped with a surface field mill network,
at any time during the 15 minutes prior to launch time the one (1) minute
average of absolute electric field intensity at the ground exceeds 1 kilovolt
per meter (lkV/m) within 5 nautical miles of the launch site unless:

a. there are no clouds within 10 nautical miles of the launch site; and

b. smoke or ground fog is clearly causing abnormal reading.

NOTE: For confirmed instrumentation failures, continue countdown.

Relative to (1): The following clouds are acceptable if they have not
been previously associated with a thunderstorm, or convective clouds with tops
greater than the -10 degree Celsius temperature level within the last three
hours:

(a) Thin fibrous (optically transparent) clouds;

(b) Less than or equal 2/8 cumulus/strato-cumulus/stratus (CU/SC/ST)
clouds with tops below or equal to the +5 degree Celsius temperature level.
For example, 3/8 CU/SC/ST is not acceptable regardless of cloud top level, nor
is any CU/SC/ST cloud amount above the +5 degree Celsius temperature level.

Relative to (2): This also includes a maritime inversion with an
onshore/alongshore wind present over the electric field mills, causing those
mills located near the ocean to be elevated with a positive polarity between I

kV/m and 1.5 kV/m inclusive.

4. Do not launch if the planned flight path is through a vertically
continuous layer of clouds with an overall depth of 4,500 feet or greater
where any part of the clouds is located between the zero (0) degree and -20
degree Celsius temperature levels.
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5. Do not launch if the planned flight path is through any cloud types that
extend to altitudes at or above the zero (0) degree Celsius temperature level
and that are associated with disturbed weather within 5 nautical miles of the
flight path.

6. Do not launch through thunderstorm debris clouds, or within 5 nautical
miles of thunderstorm debris clouds not monitored by a field network or
producing radar returns greater than or equal to 10 dbz.

7 Definitions:

a. Debris clouds: Any cloud layer other than a thin fibrous layer that has
become detached from the parent cumulonimbus within 3 hours before launch.

b. Disturbed weather: Any meteorological phenomenon producing moderate or
greater precipitation.

c. Cumulonimbus cloud: Any convective cloud that exceeds the -20 degree
Celsius temperature level.

d. Cloud layer: Any cloud, broken or overcast layer, or layers connected
by cloud elements, e.g., turrets from one cloud layer to another.

e. Planned flight path: The trajectory of the flight vehicle from the
launch pad through its flight profile until it reaches the altitude of 100,000
feet.

f. Anvil: Stratiform or fibrous cloud produced by the upper-level outflow
from thunderstorms or convective clouds. Anvil debris does not meet the
definition if it is optically transparent.

NOTES:
1. Electrical charge regions can occur in clouds with altitudes at or

above the zero degree Celsius isotherm. These charge regions can produce
lightning discharges triggered by the proximity of long electrical conductors
(launch vehicle plus conductive portion of plume).

2. The above constraints are for the avoidance of natural or triggered
lightning, based on known cloud types that can produce discharges and the
distances to the charge regions.

8. GOOD SENSE RULE:

If hazardous conditions exist that approach the launch constraint limits,
or if hazardous conditions are believed to exist for any other reason, an
assessment of the nature a•nd severity of the threat shall be made and reported
to the Launch Director.
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APPENDIX C

USAF 45th Weather Squadron Weather Advisory/Warning Requirements
(courtesy of USAF 45th Weather Squadron)

LOCATION CRITERIA DD DISSEMINATION
KSC Lightning w/i 5 no of any area 30 mn

KSC/00
Wind SFC-300' > 18 kta 30 fin

Hotline or
> 1 precipitation in < 1 hr 30 min

967-4910
Teoerature < 40F for > 2 hre 4 hours

Temperature < 32F for > 2 hrs 16
hours

Teo "rature < 2SF for > 2 hra
4 hours

CCAFS Thunderstorms w/i 25' m of the RCC I hour Support SRO (N-F 0730-1600L)
Hotline or 853-2181

Lightning v/I 5 nm of any area 30 min Cape Support
Hotline or 853-5211
(courtesy call to
45th SN/CP)

After duty hours
only Cape Support
(courtesy call to
45th SNICP)

PORT SFC Wind > 22 kts steady 30 min Same as CCAFS dissemination

J124TA Lightning w/i 25 nm 30 min Same as CCAFS dissemination

'PATRICK SFC Wind > 25 kta 30 min 45 SW Command Post

Thunderstorms v/i 10 nm 30 min Hotline

Lightning v/i 5 ram Obsrvd or

Gust spread > 20 kts Obarvd 494-7001

Wind &hear below 020, >MD TuNIC Obsrvd,
SFC-100, *W xcing SFC-lO0 (only

when
flid is

JOINT STARS Hurricane/Tropical Storm 30 min
MELBOURNE 951-5687

Lightning v/i 5 nm 30 min
(back up 951-5000)

Hail (any size) w/i 25 rnm 30 fin

Wind > 50 kt w/l 25 nm 30 min

Freezing precipitation 30 min
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=:- ON ALL iNaZ AN MR MS WM A COMT~ CaLL 20 TSI l2I

!Cf6W05 3=aKS/00

19ZSP USAn Eatlife or

Wind SIVC-200' > 25 Its 20 MAl 567-4510

UiLM 320200' > 50 It. 20 ala

Wind SVC-200' > 60 Its 20 ala

____________ .1 (any &awa. 20 ala

cc&"3 TCON"a a ala Support =0 (M-7 0730-1600
Natlin. or 053-216l

luirdS alan cap 3arpot
Natlin. or 952-1811

W~ind 32C-2001 ),, 23 Its but c s0 Its 60 al"
Sf50, duty hour&

Wind 320-2001 > so 5 ts 20 a"a alY Core Sap-tt

_________ MNil > 3/4' 20 ala"___________

van Jrlcl a a"a 45t1 an command Veat
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_____________ I > 21 Vsesup Sa 12 bms at 1~ss 5 oln ____________
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APPENDIX D

CCAFS/KSC Range Weather Instrumentation
(Madura et al., 1992)

Weather nfoMatiOn Network Display System (VINDS): A network of 46 towers at
heights ranging from 2 to 165 maters. Sensors provide wind and teaperature

Ground based field mill networks Network of 34 sensors which measures electric
potential noe the surface to infer the electric charge aloft.

Lightning Detection System (WS): A abort baseline configuration of five
Advanced Lightning Direction Finders (ALt) used to detect cloud to ground
ligtig

Modified WUR-74C radars 5 cm radar modified to produce volun.tric data sets of
Coetant Altitude Plan Position Indicator (CAMPI) scan from 24 elevation
angles between 0.6 and 35.9 degrees over 5 minute intervals.

UM-S8D Doppler radars Principle User Processo (puP) of the mEnw located at
MIblourne's National Weatber Service Office. Displays many products using
algorithm derived from reflectivity, velocity and spectrum width fields.

GOES satellite data: teal tie display capability of GOss products received
routinely every 30 minutes, updated every 5 minutes during final phases of
launch countdown.

Man Couter Interactive Data Display System (NOIDAS): System used to ingest
and display satellite iuag§ry, sounding data, PUS bulletins and hourly
observatio•s, and UM prognostic products.

Neal Tim Winds Aloft Processing System (rdAPS): Used to receive, process,
format, and tranmit upper air wind speed and direction data from the
weather balloon systom (rawinsondes and jimspheree).

Meteorological and Rnge Safety Support (MUSS)% Inputs of wind, teperature
and humidity data provided to this system to produce dispersion forecasts
in the evnt of accidental fuel/hazardous material spills.
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APPENDIX E

Common Doppler Radar Exchange Format
(from Barnes, 1980)

a. Ipib 9 traci ups; DaM linader
b. IlSM wade, daedo issille, 2. amrnk~t
c. fbIywh arnede, 4Mm~ WA-Sw
d. 7b mauks bI .- wham mmd
e. ASCII varti am Wi jw@04d Weak MWl 1 Total amahmad A"1.d this miy

2 Total aumba of , rnI " thiay
UManwitesy buder No 3 Total amab. oj Mile thie , - '

Wd4 Is& Add mome: *. VE vakity (au/a)

I UY (ASCII) DM - mimamed peuedB(mW)
2 Record length (16Ub wanka) DIm di(l)
3 P.d - l hotiwad .1 ammaim~awymy hibvht.U "L

an am sdmuwy huead block exsta, this poas"to tw 3 P~U - i dlawad ofl lo bd had
Amho itin bh~hei blect k Suhhg dhe Madmiatry. ba 4 2addsaim,
thil Way, WOd() alwas ohim 1+ the length al the 7 Po~siton lot word of had bid henders, etc.

4 ?adds d md wadil f nd vanhander Mach (Iflush6W Field heaie
vow headnisablead pbaints the atson ad the data
heads bbdi. Ward

6 himliteedathndh" I Paih Of &ot daub Wad
4 1b~lums4 iahaobis, e b d1Dm2 Scab ecte (uetwaueohuIl unitsr taupe vmime il

7 Vahýsas umeumober se, baloa of tape*~I~m
S Rar ambe witb volumesmb a kw
9 Pby"m lowd mo wlm th m1dosy (an for the fees 3 au thot AM (ha)O

pla 3 , -s a%* my) 4 Adustment to Ownra of wAm (w),
10 Swpamw 'd tb~msm 5 -w gwha SPac (aW

11o-14 Rader mu (S ASCII cbsacte as chdi. peacnmer M.) 6Numbs dl uue weloem
13-18 Site aman (8 ASCI chemegm) 7 Soww wah dwpth (in)

19 Dqeum .1iidkw(Nathbp Oi .. w Soath sseqmapa) I Hubmamul barn wid" (dw,. X 66)
0lo o" o ilitde 9 Vadmic base wifth (downsm X4)

21 ecoils(X ) o kdwk10 RGDhwr bamiwith (MHB
221 Degres o (Xoim Mee) al lad, Wies is spina5e) It Pabrinlk trnmtted (0- =heemaotal; I v ertical;
23 Minutes of l-htd (1t ~u 2 - * Pi"r; >2 - Optical)

24 Soon*a (X 66) of Imegited (Ote: =imatm aaW aecusada n awlauth (CE X 4)
haew mas alp a 1ma 13 Numbwo d amples send bisdd siul

25 Ha*be of &swa abves.lee (noun) 14 Ikbuhli bid (041, DX) (2 ASCII)
26 Year (of data)W 0.12*5 ) 1s Scamwe
28 Da 17 it code (2 ASCII) (iaaea ae
23 Hear is Plsbe "pstiladam tha rscak

30 Mine" ~~~~9 So per swsla lwham (16 hor ecn p
31 seami 20-? Wank hor hsiiolvual bidmke 1.1DHM.

32 Time am (2 ASCII-UT, CS, US, ata.)hrE
33 Adahth (day. X 66) so ne~pontd o ampa fohV

34Eevadw (day. X 41)
35 Swaep mosa: O-Callwatha Wad

1-Mi (Co-hm dat o 21 Nyq afevety (mimi)
2--Copha 21 n (2 AsCI vf hud in hat dg at bitvwih NCAR

S w CONMmeu aseath) bad veloft lbs (I - ..ed 0 - bul)

--TuaPt (etatbeas) hor DU

36 7 W 7- -q* (Mut al Cetal) Wad
36 Finl awl (d~mX 41) (a4., alewatis.OfM3mah f1111; oplaa mape) 20 Wadr oamstua - RC oakh thea iDBL) - (CC +

37 Sweap uta ((dpmgee./mai X 64 DATA)/SCALEJ + 30 1" (maw in ha)
38 Gemiatimn datefdcmmn fatm*-You 21 Nob. powe (dl(mW) X arnie)

39Mau*t 2 Rodvw pla OR X msco)
a De23 Path pews (ds(aW) X Sabni)

41-4 8 Cher ASCII tapPeite r gu haity owe 34 Aatamm Ple (dB X mids)
45 Deletad o alf data bg (Suwaot 100000 octal) 25 Polar *wetm (Ms X Go)
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APPENDIX F

Universal Format Radar Data Header Block Information

Radar: CP4/ Site: DUDA Lat: 28.229440 Loan: -80.735560 Elev(m): 12
Date: 7/24/91 Timr: 19:54.08 Time Zone: GHT

Fomats: UF
Number of words/record, t.mp(2): 1186
Pome. of 1st word of nom-mand heade block: 46
POe. of lt word of local use header block: 66
Position of lst word of data header block: 82
Physical rec. # relative to beg. of file: 1
Volume scan # relative to beg. of tape: 21
Ray number within volume scan: 1
Physical record number within the rays 1
Swep nmber within this volume scan: 1
* * *e * * * * *k * * * * * * * * * * * * * * * * *

Azihalth(deg.): 104 Elevation(dag.): 0
Swep mode: 8
Fixed angle (elev. -PPI; aziafth-RHI): 0
Sweep rate(degrees/socond): 0

Field nam: DZ Num. of fields this rec. : 2
Scale factor: 100
Range to first gate (ka): 0
sample volume spacing(m): 200
Gatespace in X-direction: 200
Number of sample volusms: 511

143



Capt J. J. Baer, "Patient Education Brochures" (93-005D), Pacific University

Maj S. F. Barrett, "Digital Tracking and Control of Retinal Images" (93-010D), University of Texas

Maj R. C. Burk, "Full of Partial Multicommodity Ct-.ts" (93-013D), University of North Carolina

Capt W. L. Craine, "Fuzzy Hypergraphs and Fuzzy Intersection Graphs" (93-018D), University of Idaho

Maj, D W. Cribb, "Stability Properties of Inclusive Connectivity for Graphs" (93-029D), Clemson
University

Maj K. W. Currie, "An Empirical Study of Logistics Org Electrical Linkage and Performance" (93-026D),
Texas A& M University

Capt R- E. Dueber, "Study of Uranium Oxide Insertion Compounds" (93-009D), Oxford University

Maj G. Elder, "Multi-Agent Coordination and Cooperation in a Distributed Dynamic Environment with
Limited Resources Simulated Air Wars" (93-025D), Arizona State University

Maj J. M. Fernard, "Discrete Sliding Mode Control for Nonlinear Sampled Data System" (93-008D),
University of Kansas

Capt J. M. Galbraith, "Interfacial Shear Behavior and Its Influence on Fiber Damage in Sapphire-
Reinforced Gamma Titamium Aluminide Composites" (93-0011D), Pennsylvania State University

Lt Col D. C. Herge, "Effects of Inspection Error on Optimal Inspection Policies and Software Fault
Detection Models" (93-002D), Flordia State University

Capt J. A. Jacobson, "State Space Partitioning Methods for Solving a Class of Stochastic Network
Problems" (93-006D), Georgia Institute of Technology

Capt B. L. Jones, "A Guidance and Navigation System for Two Spacecraft Rendezvous in Translunar
Halo Orbit" (93-01 ID), University of Texas

Maj J. Lanicci, "A Synoptic Climatology of the Elevated Mixed Layer Inversion Over the Southern Great
Plains in Spring" (93-016D), Pennsylvania State Univeristy

Capt L. J. Lehmkuhl, "A Polynomial Primae- Dval Interior Point Method for Convex Programming with

Quadratic Contraints" (93-015D), George Washington University

Capt J. A. Lott, "Visible Vertical Cavity Surface Emetting Lasers" (93-023D), University of New Mexico

Capt J. L. Moler, "Synthesis, Reactivity, and Characterization of (*-Hexacarbocyclic) Manganese
Dicarbonyl Complexes with Sulfur and Phosphorus Ligands" (93-012D), University of Iowa

Maj T. N. Mouch, "Computational Aerodynamics with Icing Effects" (93-007D), University of Kansas

Maj R. Nici, "Ultronic Wave Propagation Model for Mandestructive Evaluation of Solid Rocket Motor
Propellant" (93-017D), University of Colorado

Maj T. L. Pohlen, "The Effect of Activity-Based Costing on Logistics Management" (93-019D), Ohio
State University
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Capt J. L. Putnam, "The Influence of Multiple Host Contacts on the Acquisition and Transmission of
Dengue-2 Virus* (93-027D), University of Maryland

Capt T. J. Ravine, "Legionella pneumophila: Virulent and Avirulent Interactions with Acanthamocba
Casteilanii" (93-021D), Virginia Commonweath University

Capt D. L. Schneider, "Reliability and Maintainability of Modular Robot Systems: A Roadmap for
Design" (93-004D), University of Texas

Maj T. Y. Schutz, "Evaluation of Monitoring Audiometry in the United States Air Force Hearing
Conservation Program" (93-024D), Ohio State University

Maj M. Smith, "Reductive Dechlorination of Chlorophenols by Vitamin B 12" (93-022D), Oregon State
University

Capt G. M. Waltensperger, "Choice Bi-Manual Aiming with Unequal Indices of Difficulty" (93-003D),
University of Oklahoma

Capt G. E. Yale, "Cooperative Control of Multiple Space Manipulators" (93-020D), Naval Postgraduate
School



Maj D. M. Anderson, "Functional Properties of Nonhuman Primate Antibody to Porphyromonas
Gingivals" (93-029), University of Texas

1st Lt J. J. Armentrout, "An Investigation of Stereopsis with AN/AVS-6 Night Vision Goggles at Varying
Levels of Illuminance and Contrast" (93-160), Virginia Polytechnical Institute and State University

1st Lt C. L. Arnold, "Numerical Solution of a Second Order Boundary Problem for Two Dimensions
Using Galerkin Approximations" (93-058), University of Central Florida

2nd Lt S. Barrows, "Air Force Pilot Retention: An Economic Analysis" (93-126), Pennsylvania State
University

Capt L. C. Battle, "Regulation of Medical Waste in The United States" (93-144), George Washington
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